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ABSTRACT
MARGARET BALDWIN: A Spectroscopic and Computational Study of Diacetyl and Water
Clusters
(Under the direction of Dr. Nathan Hammer)

Diacetyl, otherwise known as 1,2-butadione or biacetyl, is a flavor additive used in
microwave popcorn, and more importantly as of late, e-cigarettes. The compound is known
to cause lung disease for those who have been exposed to a large quantity of the buttery
smelling molecule. As such, the characterization of diacetyl’s vibrational modes when it
interacts with water are pivotal to understanding the effects it has on human lung tissue. In
this research, the intermolecular interactions between water and diacetyl and the effects
they have on one another’s vibrational modes are explored. While some experimental data
is presented, the spectra obtained are not sufficient for extensive comparison to theoretical
computations. Therefore, the focus of this work is on the theoretical optimization and
simulated spectra of diacetyl and water complexes ranging from 1/1 to 1/5 Diacetyl/Water
ratios, with the increase in water molecules assisting in the understanding of how diacetyl
behaves when it is solvated in the human body. By using the B3LYP and MP2 methods
with aug-cc-pVTZ basis set and tight convergence, a total of three 1/1, ten 1/2, twelve 1/3,
twenty-three 1/4, and thirty-nine 1/5 Diacetyl/Water complexes were optimized. Use of
rCCSD(T) single-point energy calculations, as well as B3LYP-D3, M06-2X, M06-2X-D3,
and 𝜔-B97XD methods, the energetics of the lowest energy structures were confirmed.
The simulated spectra of the lowest energy structures were investigated, and trends were
gathered for the lowest energy structures from the one to five water complexes. These
simulated spectra showed that the carbonyl stretching frequency of diacetyl shifted to lower
energy and increased in the splitting between the symmetric and asymmetric motions as
the number of water molecules increased. The stretching motions of the methyl group also
increased in the range of frequencies that described their motions.
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CHAPTER 1: INTRODUCTION
1.1 BACKGROUND OF DIACETYL
Diacetyl, otherwise known as 1,2-butanedione or biacetyl, has been studied in many
contexts as a result of its biological relevance. Diacetyl appears as a yellowish liquid at
room temperature. The highly symmetric four-carbon organic compound with two adjacent
carbonyl groups, is of low molecular weight and is readily vaporized at temperatures
typically used within microwave popcorn production, where the 𝛼-diketone creates a
buttery odor and flavor for food1,2. The adjacent carbonyl groups are able to engage in
electron sharing, making the compound particularly reactive3.

Figure 1.1: The optimized geometry of Diacetyl is shown.

Ecologically, diacetyl is an intermediate in the photolytic degradation of volatile
organic compounds (VOCs) that contribute to the chemical makeup of the atmosphere4.
Biomass burning can also contribute to the release of diacetyl into the atmosphere, as this
process releases terpenes that can undergo ozonolysis to form glyoxal, methylglyoxal, and
diacetyl4. Once in the atmosphere, diacetyl can easily become hydrated, and as a result the
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interactions between and within clusters with water could provide further insight into the
chemistry of the atmosphere5.
More directly relevant to human health, diacetyl has been shown to form Schiff
bases in vivo, and the molecule has been shown to cause protein cross-linking via Maillard
reaction in vitro6,7. It is also a minor metabolite that arises from the metabolism of alcohol
in the body and is believed to induce toxic responses like Alzheimer’s disease,
mutagenesis, and carcinogenesis9,10. Further, diacetyl was shown to be included in a class
of reactive carbonyl species that are generated from oxidation of sugars, lipids, and amino
acids that are known to cause cellular damage by increasing oxidative stress3,10. It is clear
that diacetyl is involved in many physiological processes, and research of the interactions
between diacetyl and water could elucidate further insight into these processes.
The study of these diacetyl/water clusters could also provide important insight for
current health policy makers, specifically for the issue of e-cigarette usage. Diacetyl has
been used within the food industry, and in recent years, e-cigarette juices, for creating
buttery flavor. However, diacetyl is known to cause adverse health effects. Bronchiolitis
obliterans, nicknamed “popcorn lung,” has been shown to result from diacetyl exposure
after factory workers in a microwave popcorn production facility were discovered to have
an especially high incidence of the disease11. In a later study that exposed rats to vapors
containing 203 ppm - 371 ppm of butter flavoring mixture, which included diacetyl, the
rats were demonstrated to have nasal and intrapulmonary airway damage12. The head space
above heated butter flavoring in vats within microwave production facilities have been
reported to reach peak diacetyl concentrations of 1230 ppm11,13.
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Researchers have proposed that diacetyl damages epithelial tissue, alters ion
transport, and creates blockage in the lungs, leading to the obstruction of small airways and
epithelial necrosis that are typical symptoms of bronchiolitis obliterans14,15. In e-cigarettes,
diacetyl has been used in fruit-, cocktail-, and candy-flavored juices16. A study in 2014 on
middle school, high school, and college students showed that 43.8% of those surveyed were
led to experiment with e-cigarettes because of these flavor options17. Of the 19.6% of high
school students that were reported to currently use e-cigarettes in the Spring of 2020, 84.7%
said they used flavored e-cigarettes18. The prevalence of e-cigarette use, and the role of
flavors like those created with diacetyl in attracting new e-cigarette users, illustrates the
importance of understanding the interactions diacetyl has with the human body. By
understanding the interactions of diacetyl and water in clusters of increasing size, the
effects of diacetyl as a result of e-cigarette use can be further understood.

1.2 SPECTROSCOPIC METHODS
Spectroscopy is the study of the interaction between light and matter. Different types
of spectroscopy are used to understand different aspects of chemical species. Some
methods are more useful for the identification or characterization of a species, such as
confirming the identity of a molecule through the use of Mass Spectrometry, while others
are used to gather information about the chemical properties of atoms and molecules, like
the use of Infrared Spectroscopy (IR) to understand the vibrational transitions of a
molecule. Nevertheless, each spectroscopic method utilizes Electromagnetic Radiation,
which will be explained further in the section below.
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1.2.1 ELECTROMAGNETIC RADIATION
Electromagnetic Radiation (EMR), or light, exhibits behavior that illustrates
properties that are both wave-like and particle-like. This double faceted nature is
commonly referred to as the wave-particle duality of light, and as a result, light can be
viewed as either a wave or as a particle in a moment of time20. When light is addressed by
its wave-like properties, it is generally described according to its wavelength20. The
wavelength (𝜆) measures the distance between two crests of an oscillating wave, and the
number of wavelengths that pass through a point within a given time is known as the
frequency (𝜈). The wavelength and frequency are inversely related, and the constant of
proportionality is equal to the speed of light (c) in a vacuum, 3 x 108 m/s:
𝑐 = 𝜆𝜈
The range of the possible frequencies of electromagnetic radiation are given in the
electromagnetic spectrum, shown in Figure 1.2.

Figure 1.2: The Electromagnetic Spectrum.
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The spectrum is given in order of increasing frequency, or conversely, decreasing
wavelength. Radio waves have the lowest frequency and longest wavelength, and gamma
rays have the highest frequency and shortest wavelength. When light is considered
according to its particle-like properties, it can be seen that the frequency of EMR is directly
related to its energy, and therefore, the spectrum is given in order of increasing energy as
well. According to the particle perspective, light consists of photons, and each photon
carries energy proportional to its frequency, as can be seen in the equation below:
𝐸 = ℎ𝜈
where E is the energy of a photon, h is Planck’s constant (6.626 x 10-34 J·s), and 𝜈 is the
frequency of the photon. Because both of the above equations include frequency, the
following equation can be arranged:
𝐸=

ℎ𝑐
𝜆

Because the electromagnetic spectrum has varying energies, different regions can be
used to elicit different information about chemical species through spectroscopy20. Within
the field of spectroscopy, it is common for spectroscopists to present these spectral regions
according to their wave numbers, which has units of inverse centimeters (cm-1), rather than
their wavelengths or frequencies due to historical reasons20. Equations showing the
relationships between wavelength and wave numbers, as well as frequency and wave
numbers, are given below:
𝜈) = 1/𝜆

𝜈 = 𝜈)𝑐

Spectral regions in this work will be presented using wave numbers as is common for
research presented using Raman spectroscopy.
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1.2.2 TRANSITIONS
Spectroscopy utilizes Electromagnetic Radiation (EMR) to investigate an atom or
molecule’s different energy states19. Atoms and molecules have quantized energy states,
and this energy must be matched by the energy of the light that interacts with the atom or
molecule for a transition between the energy states to occur20. These transitions allow
chemists to access information about bond lengths, vibrational frequencies, energy levels
and much more19.
A molecule has four types of molecular motion-- translational, vibrational, rotational,
and electronic motion-- that can all engage in transitions caused by introduction of EMR
to the molecule19. Translational motion is the lowest in energy and occurs when the
molecule moves from one point in space to another19. Bond length and angles do not change
in this type of motion. Rotational motion is higher in energy and involves an axis of rotation
by which the atoms outside of the axis revolve. Rotational motion can be induced by
microwave radiation, though the molecule must have a permanent dipole moment in order
to absorb the energy from the microwave frequency in this way19. Vibrational motion, even
higher in energy, involves the stretching, like a spring, and bending of chemical bonds20.
Stretching motions can be symmetric, where the movement on both sides of the molecule
are in-phase with one another, or antisymmetric, where the motion is out-of-phase19.
Bending motions can also be in-phase and out-of-phase, causing further descriptions of
bending, such as rocking, scissoring, wagging, and twisting19, 20. EMR from the Infrared
(IR) region induces these vibrational movements, and IR and Raman Spectroscopy allow
for investigations into these movements20. Finally, electronic motions involve the
movement of electrons within the molecule, especially through the excitement to higher
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energy levels. These types of motions are the highest in energy, and as such require light
from the Visible and Ultra-Violet regions of the electromagnetic spectrum for these
transitions to occur20. These transitions can be investigated using UV-Vis Spectroscopy,
although transitions in the visible light region can be seen without instrumentation when
chemical species undergo a color change.

1.2.3 VIBRATIONAL SPECTROSCOPY
Of the four types of motion, vibrational motion is the focus of this thesis.
Vibrational motion can be described by classical and quantum mechanical models. In the
classical model, two masses are connected by a coiled spring19.The spring compresses
when the two masses are pushed towards each other, and it extends when the two masses
are pulled apart. The force required to change the length of the spring between the two
masses is described by Hooke’s Law:
𝐹 = −𝑘𝑥
where F is the force, k is the force constant, and x is the displacement of the spring. The
negative sign in the equation illustrates that a force applied will cause a displacement in
the opposite direction19. When a force is applied and the spacing of the masses reaches its
equilibrium point, the direction of displacement changes. In other words, compression will
lead to expansion and expansion will lead to compression. When no dissipative forces are
present, this cycle continues, and it is described as oscillation. The potential energy of this
oscillation can be described by the following equation:
1
𝐸!"#$%#&'( = 𝑘𝑥 )
2
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In the Harmonic Oscillator model, the spring is considered to represent the bond
length between two masses, and it is described by a simple potential function, with the
above equation substituting potential energy for harmonic potential, V19.
1
𝑉(𝑥) = 𝑘𝑥 )
2
The harmonic potential represents the energy of the spring as it is infinitely compressed
and infinitely expanded. This equation is represented graphically by a parabola, and at
small deviations from the equilibrium bond length between two masses, where the potential
energy is equal to zero, the harmonic potential is a good approximation for the potential
energy of a bond, as can be seen in Figure 1.319.
In the quantum mechanical Harmonic Oscillator model, the vibration around a bond
length’s equilibrium distance is described by using a set of wave functions19. These wave
functions describe corresponding allowed vibrational energies, and they can be found by
substituting for the Hamiltonian operator with the following expression:
Ĥ=

−ħ) 𝑑 )
1
+ 𝑘𝑥 )
)
2𝜇 𝑑𝑥
2

The energy levels derived from applying eigenfunctions to the Hamiltonian19. An
eigenfunction of an operator, such as the Hamiltonian, is a function that returns its original
value times a constant after being acted upon by an operator. As a result of this derivation,
the energy levels of the harmonic oscillator model are described by the equation below and
are quantized and equally spaced.
*

𝐸% = :𝑛 + )< ℎ𝑣+

𝑤ℎ𝑒𝑟𝑒 𝑛 = 0, 1, 2, … , 𝑛

This equation suggests that the lowest energy state is not one in which the molecule is at
rest, as the energy is not equal to zero. This value is known as the zero point energy19.
8

Finally, the frequency of oscillation is given by the equation below, though it requires the
values of both the reduced mass, 𝜇, and the spring rigidity, k, to be known.
𝑉+ =

1 𝑘
E
2𝜋 𝜇

As stated above, the harmonic oscillator model has limits in its approximations and
works best at distances close to the equilibrium bond length, as can be seen in Figure 1.3.
A better approximation to the vibration of molecules would be the anharmonic
approximation, which is shown in red in the figure. As the distance becomes shorter than
the equilibrium bond length, the potential energy rises steeply due to the repulsion between
the two atoms’ electron clouds. When the bond length increases, it eventually reaches an
asymptote due to the electron clouds being too far apart for a chemical bond to form
between the two atoms.

Figure 1.3: Potential energy as a function of bond length. The red curve represents an anharmonic
approximation for bond length, while the blue curve represents the harmonic oscillator model.
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The anharmonic approximation can account for these changes because it is
described by the Morse potential, rather than the harmonic potential. Additionally, the
model has its energy levels described by a more complex equation that accounts for the
unequal spacing between energy levels19. As the energy levels increase, the spacing
between them decreases19. This difference in spacing between the energy levels
corresponds to the fact that multiple frequencies can be found experimentally. Only one
frequency would be present if the harmonic model were more accurate19.

Figure 1.4: Morse Potential with energy levels shown.

1.2.4 SELECTION RULES
Selection rules govern the transitions that can occur between different energy states
of a system. Each spectroscopic method has its own selection rules, and for vibrational
spectroscopy, transitions that are allowed satisfy Δn = ±1, based on the derivation of the
quantum mechanical harmonic oscillator model19. At room temperature, typically only the
ground state has an appreciable population of electrons, so often the transition n=0 → n=1
10

is the only one observed19. However, transitions can begin from an excited state, and when
these occur, they are known as hotbands19. Finally, high sensitivity of modern instruments
allows the observation of overtone transitions as well, which occur when an electron starts
in the n=0 state and is promoted to an energy level higher than n=1. These are much weaker
absorptions than the n=0 → n=1 transition, but they are allowed to occur because the
anharmonic potential does not rigorously obey the Δn = ±1 rule19.
Within the electromagnetic spectrum range that will be used in this thesis, rotational
spectroscopy is also observed. The transitions in rotational IR spectroscopy are governed
by ΔJ = ±1, and rotational Raman spectra obey ΔJ = 0; ±2, where J is analogous to the
angular momentum quantum number, l19. As a result of both rotational and vibrational
transitions being present in IR and Raman spectroscopy, the peaks observed can be divided
into three branches: P, Q, and R. The P branch is at lower frequency and is associated with
transitions of ΔJ= -1 for IR and ΔJ= -2 for Raman. The R branch occurs at higher frequency
for transitions of ΔJ= +1 and ΔJ= +2 for IR and Raman, respectively. The Q branch is
where ΔJ= 0, and it lies in-between the P and R branches19.

1.2.5 RAMAN SPECTROSCOPY
Raman Spectroscopy has become incredibly useful for identifying organic,
inorganic, and biological samples. Extremely beneficial is the fact that spectra can
generally be measured for solids, liquids and gases21. Once rather expensive, Raman
spectrometers are now able to be used in a variety of settings and applications, including
as a means of gun powder residue detection with low-cost, handheld spectrometers21.
Additionally, research-grade Raman spectrometers in the laboratory are becoming
11

increasingly adept at studying chemical systems, as Raman databases now have spectra for
more than 15,000 compounds21.
Raman Spectroscopy is a form of vibrational spectroscopy that is complementary
to the information gained from IR spectroscopy, though the method in which this
information is gathered differs22. Rather than directly observing the absorption of radiation,
like is the case in Infrared and other forms of spectroscopy, Raman Spectroscopy observes
the radiation’s scattering22.
Raman Spectroscopy originated when Sir C. V. Raman discovered the Raman
Effect alongside K.S. Krishnan in 192823. Using a spectroscope, or spectrometer that uses
the human eye as a detector, Raman and Krishnan noticed that when filtered sunlight or a
strong mercury lamp was shown on benzene, a wavelength different than that of the
incident light was returned back to them21,23. This change in wavelength was a result of
what is now known as the Raman Effect, where a photon is scattered by a molecule19. The
never-before-seen scattered spectral profile is now known as a Raman spectrum21. Through
further investigation that utilized excitation sources of different wavelengths, Raman found
that a molecule always exhibited the same difference in frequency between the excitation
light and the light given off by the molecule after scattering. Additionally, by using
different molecules for his research, Raman found that this difference in frequency was
unique for each molecule he investigated21. For his profound work in discovering this new
type of light scattering, Sir C. V. Raman was awarded the Nobel Prize in Physics in 193021.
Raman Scattering involves the collision of a photon with the vibrational modes of
a molecule, and this collision can result in an amount of energy and momentum being
transferred between the molecule’s vibrational energy and the colliding photon19. In Raman
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spectroscopy, this typically involves a laser, emitting higher energy radiation than the
complementary IR technique, that excites an electron to a higher electronic state22. This
higher energy state is temporary, and it is often described as a “virtual” state. The decay
from this virtual state back to the vibrational energy level is what leads to the emission of
the scattered radiation22. There are three possible ways that this scattering transition can
occur; Rayleigh, Stokes, and Anti-Stokes scattering can all occur in Raman Spectroscopy
and are shown in Figure 1.5.

Figure 1.5: The three scattering possibilities, Rayleigh, Stokes and Anti-Stokes are shown. The red
arrow indicates an electron being promoted to the virtual state, and the blue arrow indicates this electron
relaxing back down to a vibrational energy state.

Rayleigh Scattering is the most common of the three. In this phenomenon, the laser
light interacts with the chemical system, which is then promoted to a virtual state. The
energy level of the electron when it relaxes and returns from the virtual state is equal to the
initial energy level of the electron. Because the energy of excitation and relaxation are the
same, the difference in frequency between the incident laser light and scattered light is
zero. This is known as an elastic process21. The other two possibilities, Stokes and Anti13

Stokes Raman Scattering, are inelastic processes, where the energy of the scattered light is
not equal to the energy of the incident laser light21. In Stokes scattering, the electron is
initially in its ground state. It is excited to a virtual state by the laser light, and then it
relaxes to an energy level that is above its initial ground state. The electron does not
completely relax to the ground state because it has gained energy from the laser light19. In
Anti-Stokes scattering, the electron is already in an excited energy level above its ground
state when it is promoted by the incident light. The electron then relaxes from this virtual
state all the way to its ground state, causing the sample being studied to lose energy19.
Stokes and Anti-Stokes scattering occur at about 1/106 that of Rayleigh Scattering. Of the
two inelastic scattering possibilities, the Anti-Stokes scattering is much less common, as it
requires a sample to already be in an excited state before interacting with laser light19.
In order for a molecule to undergo this Raman scattering, or in other words, be
Raman active, it must be able to have a change in polarizability22. The polarizability of a
molecule, denoted by 𝛼, dictates the difficulty of changing or distorting the electron cloud
by applying an external electric field21. In general, larger molecules and molecules with a
greater number of electrons have a greater polarizability. This asymmetric change in
polarizability is the primary selection rule for Raman transitions. Additionally, the
frequency of the laser’s light should not be the same as the transition being studied. For
this reason, EMR sources in the visible range are typically used19. The benefit of the visible
range being used is that interferences that typically reside in the infrared region can be
eliminated19.
Raman Spectrometry utilizes a Raman spectrometer, which is made up of the
fundamental components of a radiant source, typically a laser, a wavelength discriminator,
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filters, and a detector, all of which are described with the block diagram given in Figure
1.6.

Figure 1.6: A block diagram of a typical Raman Spectrometer is shown.

The radiant source is typically a laser because it is monochromatic, meaning only
one wavelength of light is emitted, and because it has a high intensity, which is needed for
the relatively weak Raman scattering to be generated21. This laser is pointed through filters
and onto a lens to focus the light onto the sample, and the Raman, or scattered light will
return back through this lens21. The Rayleigh scattered light is reduced as the Raman light
passes through mirrors and filters to the detector21. The detector then processes the signals
and develops a spectrum.
A Raman spectrum shows the intensity of scattered light on the y-axis versus its
Raman Shift on the x-axis. The intensity has an arbitrary value and does not have any units.
These values are typically normalized, so that the intensity of transitions can be relatively
compared to other transitions for the system. The intensity is also notable for illustrating
that Rayleigh Scattering has a much greater intensity than Stokes scattering, which is
greater than Anti-Stokes. IR intensities are generally greater than those in a Raman
spectrum21. The Raman Shift is measured in wave numbers and is equal to the difference
between the frequency of the incident and scattered radiation, as is described for the Stokes
and Anti-Stokes Raman Scattering above21. Raman spectra are typically recorded from 10
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to 4000 cm-1, though the laser line and lack of organic molecules’ vibrational modes often
disregards the region from 10 to 400 wave numbers24.

1.3 THEORETICAL CHEMISTRY
Computer models for quantum chemical analysis have been in use for decades.
With advances in computer hardware and theoretical models, these calculations are
increasingly accurate and efficient. As a result, computational methods are able to obtain
sufficiently reliable results in the absence of experimental procedures25. Chemists are able
to investigate the properties of molecules that are difficult to examine experimentally and
even study molecules not yet known to exist. Consequently, the field of theoretical
chemistry is vast, and with the readily available software packages being present in many
laboratories already, chemists are unlocking the structure and behavior of an unimaginable
number of systems.

1.3.1 POTENTIAL ENERGY SURFACES
Potential energy surfaces, or reaction coordinate diagrams, are studied throughout
one’s education in chemistry. One of the most recognizable, and earliest to be used, is the
depiction of a chemical reaction progressing from reactants to products with the energy of
each reaction coordinate being shown. An example of this diagram is shown below in
Figure 1.7.
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Figure 1.7: Potential energy surface of a chemical reaction

As depicted in the labels of Figure 1.7, the energy minima indicate the equilibrium
structures of the reactants and the products, and the location of the energy maximum
defines the transition state. These three points, reactant, product, and transition state, are
all stationary points, meaning both the equilibrium and transition states can be determined
from calculations by searching for an energy minimum and an energy maximum,
respectively19.
Quantum chemistry software has been developed in order for the Schrödinger
Equation to be solved at these points. These theoretical methods require approximations to
be made, however. The severity of these approximations determines the accuracy of the
results obtained, how widely applicable the model is to chemical systems, and the cost, or
computational time, required to complete a calculation. If the approximation is less
accurate, the method can be widely applied and is less expensive. For this reason, methods
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are chosen based on the balance between the accuracy of the method and the cost of running
the calculations19.

1.3.2 THE SCHRODINGER EQUATION
In 1926, Erwin Schrödinger published a paper including a differential equation that
showed how a quantum system evolved over time and explained the wave properties of
electrons in atoms26,27. This Schrödinger equation describes the wave properties of an
electron in terms of its position, mass, total energy, and potential energy. The equation is
based on the electron’s wave function, which describes the electron wave in space, or the
atomic orbital in which the electron resides22. The simplest notation of the Schrödinger
Equation is included below:
G 𝜓 = 𝐸𝜓
𝐻
In this equation, H represents the Hamiltonian operator, E is the energy of the
electron and 𝜓 is the wave function of the electron19. The Hamiltonian operator, often
referred to as just the Hamiltonian, includes the total kinetic energy and potential energy
of the electron’s system. The wave function is unique to the given electron in a particular
orbital22.
The Schrödinger Equation, however, can only be solved analytically for systems that
contain one electron. Multi-electron systems, like those presented in this thesis, must
therefore calculate approximate values for the wave-functions and observables19. These
approximations are determined by the method and basis set used.
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1.3.3 THE HARTREE-FOCK METHOD
Because the Schrödinger Equation only provides an analytical solution for the oneelectron case, in order to produce a practical quantum mechanical theory, three
approximations to Schrödinger Equation must be made to solve multi-electron systems.
The first approximation is known as the Born-Oppenheimer approximation. This
estimation assumes that nuclei are stationary from the perspective of the electron, due to
the nuclei moving excessively slower than the electrons that orbit them19. As a result, the
nuclear kinetic energy is equal to zero and the nuclear-nuclear Coulombic energy term is
equal to a constant. Therefore, the position of the nuclei, but not the velocities, affect the
electronic wave function19. The resulting equation is known as the Electronic Schrödinger
Equation and is written:
G $( 𝜓 $( = 𝐸 $( 𝜓 $(
𝐻
This approximation, however, is not enough for the general case (many-electron
systems) to be solvable. The second approximation that must be made is the Hartree-Fock
approximation. The wave function is assumed to be an antisymmetrized product of oneelectron wave functions called spin orbitals28. In other words, the electrons move
independently of one another. Each electron is still affected by a mean field of the other
electrons within the system19. To demonstrate antisymmetric nature of the wave function
upon the interchange of electron coordinates, the wave function is written as a Slater
determinant of the form:
𝜒* (1)
𝜒 (2)
𝜓=
K *
√𝑛! …
𝜒* (𝑛)
1

𝜒) (1) … 𝜒% (1)
𝜒) (2) … 𝜒% (2)
K
…
…
𝜒) (𝑛) … 𝜒% (𝑛)
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Where 𝛹 is the wave function, n is the number of electrons, and ꭓ is the spin orbital.
The different rows in the determinant represent individual electrons, so the interchange of
two electrons’ coordinates will result in an interchange of two rows within the determinant.
This procedure is equivalent to multiplying the determinant by -1, confirming the
antisymmetric nature of exchanging two electrons’ positions19. In addition to illustrating
the antisymmetry of the wave function, the use of the determinant illustrates that electrons
are paired. No two rows are the same within the Slater determinant, which would not be
the case if there were a third electron in the orbital. Therefore, as a result of the HartreeFock approximation, it is understood that at most two electrons reside in an orbital, which
is further illustrated by the fact that only two spin functions exist, 𝛼 and 𝛽, within a spin
orbital19. These two functions allow for the electrons in the same orbital to have magnetic
spins that are opposite in direction, satisfying the Pauli Exclusion principle that no two
electrons can have the same set of quantum numbers22.
The Hartree-Fock equations, a set of differential equations that involve each
individual electron environment, arise out of the stipulations that result from the HartreeFock approximation. These equations are capable of being solved numerically, though with
difficulty, and the generation of the lowest energy set of molecular orbitals by these
equations is known as the self-consistent-field (SCF) procedure19. A third approximation
is used to transform these equations into a set of algebraic equations in order to decrease
the difficulty of solving the Schrödinger equation. The Linear Combination of Atomic
Orbitals (LCAO) approximation makes the assumption that one-electron wave functions
for the hydrogen atom will closely resemble the one-electron solutions for the manyelectron molecule being investigated19. This process results in the wave function of the
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molecular orbitals, 𝛹i, being expressed as a summation of a basis set of atomic orbitals, or
basis functions, 𝜙:
-'.&. 01%2#&"%.

𝜓& =

P

𝑐,& 𝜙,

,

Despite the advantage of having a numeric estimate to the Schrödinger equation for
many-electron systems, the Hartree-Fock Method contains limitations to its accuracy. The
total energies calculated using finite basis sets are too positive19. Because the group of
electrons are considered as a rigid cloud that influences the individual electrons, there is
not as much opportunity for electrons to correlate, or adjust, their motion for the motion of
the other electrons. As a result, there is a greater extent of electrons getting in the way of
one another than would be the case if the electrons’ instantaneous interactions were not
replaced by a “mean field” of influence19. This increased interaction between electrons
causes the predicted electron repulsion energy to be too large, and therefore causes the
predicted total energy to be too large as well19. This difference between the energy
presented by the limited Hartree-Fock Method and the exact Schrödinger energy is known
as the correlation energy19. Additionally, systematic error is present within the HartreeFock Method that results in equilibrium bond distances being shorter than experimental
lengths and calculated vibrational frequencies being larger than the experimental
frequencies19.

1.3.4 DENSITY FUNCTIONAL THEORY
Because of the limitations in the Hartree-Fock model, various other methods have
been developed to improve its accuracy, though these adjustments can bring rise to greater
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computational costs. One of these approaches to advancing the accuracy of the HartreeFock Model is through the use of Density Functional Theory (DFT). DFT has been used
extensively in physical, quantum, and computational chemistry27. This approach to
improving the Hartree-Fock model is based on an electron gas of uniform density, the
idealized many-electron problem, having an available, exact solution to the Schrödinger
equation19. DFT utilizes functionals, which take a function as an input and output a number,
or in other words, are functions of functions27. In 1964, Pierre Hohenberg and Walter Kohn
showed that the total electronic energy and other observable properties are a functional of
the electron density, n(r)29. This functional could be expressed as the Kohn-Sham
equation19:
𝐸 345 = 𝐸5 + 𝐸6 + 𝐸7 + 𝐸89
Which adapted the analogous Hartree-Fock partition function of the total electronic energy
of an atom, molecule, or ion:
𝐸 :4 = 𝐸5 + 𝐸6 + 𝐸7 + 𝐸;
In this equation, ET is the total kinetic energy of the electrons, EV is the electron-nuclear
potential energy, EJ is the Coulombic energy of the electrons, and EK is the exchange
energy of the electrons19. In the DFT partition function, the Hartree-Fock exchange energy
is substituted for the EXC term, which is the exchange/correlation energy19. This one
determinant describes the electron density, and as a result, it is key to the success or failure
of DFT30. The exchange energy results from the Pauli exclusion principle, as no two
electrons occupy the same space, but exchanging of their positions allows for added
stability30. The correlation energy accounts for the remaining many-body effects of the
electrons30. Essentially, these exchange and correlation contributions are incorporated as
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external data, generated by a self-consistent-field (SCF) formalism, for solving the
Schrödinger equation. Because these exchange and correlation terms are derived from
idealized problems, though, density functional models, unlike the Møller-Plesset models
discussed later, are not limited to an exact solution of the Schrödinger equation19.
Overall, DFT is greatly successful in part because simple approximations, like those
made for the exchange-correlation terms, perform remarkably well for many systems,
especially for structure prediction30. These approximations allow for inexpensive
computational costs with more reliable results than Hartree-Fock Method and its
descendants. However, DFT has the fault of being neither size consistent nor variational,
so there is no way to systematically improve the functional to achieve an arbitrary level of
accuracy19. Additionally, DFT has challenges describing van der Waals interactions, which
proves an especially difficult problem as DFT methods are applied to areas of biological
importance, where many noncovalent interactions occur simultaneously30,31.

1.3.5 METHODS AND BASIS SETS:
As described earlier, the methods and basis sets that are chosen in computational
chemistry must weigh the cost of running calculations with the accuracy that they return.
Because the Mississippi Center for Supercomputing Research (MCSR) is made available
to students at the University of Mississippi, calculations that would otherwise be much too
expensive to consider running on typical lab computers were able to be used.
Varying computational methods were utilized to elicit optimized structures of the
diacetyl/water clusters and generate theoretical Raman spectra, with the goal of comparing
and understanding experimental results with theory. Initial calculations utilized the most
methods, as each method was evaluated in its effectiveness in finding and optimizing
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lowest energy structures before moving onto calculations with more computationally
demanding cluster optimizations. The six methods chosen to optimize and investigate the
1/1 diacetyl/water complexes were: B3LYP, B3LYP-D3, M06-2X, M06-2X-D3, MP2, and
𝜔-B97XD. Additionally, single-point energy calculations were run on B3LYP and MP2
optimizations using the restricted CCSD(T) method. Each method was run with the augcc-pVTZ basis set and tight convergence criteria. These methods and basis set will be
described below.
B3LYP and B3LYP-D3
The B3LYP method, which stands for Becke, 3-parameter, Lee-Yang-Parr, was
originally developed to study vibrational absorption and circular dichroism32. This method
is a hybrid functional, as it combines exact energy exchanges from the Hartree-Fock
method with the exchange-correlation energy of DFT19. B3LYP is one of the most popular
methods used, though it has been shown to be inadequate in dealing with dispersiondominated non-covalent interactions33. While this note seems counterintuitive to its use in
optimizing and predicting spectra for clusters like those presented in this work, it has been
shown to have good agreement with experimental Raman spectra34. The correction factor
for B3LYP generated spectra using aug-cc-pVTZ basis set in comparison to experimental
vibrational spectra is 0.96835.
B3LYP-D3 utilizes the same hybrid functional, though it also includes a non-local
dispersion correction that helps to account for typically poorly-described van der Waals
forces36. The DFT-D3 method was chosen to make this correction, as it has been shown to
perform better with Becke-type exchange37.
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M06-2X and M06-2X-D3
The M06-2X functional, which is of the Minnesota ‘06 suite of functionals, is a
parameterized version of DFT like B3LYP. This functional was developed with the goal
of providing better results for weakly correlated systems, and it utilizes databases of barrier
heights, noncovalent interactions, and more to accomplish this task38,39. It is for this reason
that this method was chosen out of the Minnesota functionals, as M06-2X has a better
performance than its counterparts M06 and M06-L when dealing with main-group
chemistry and noncovalent interactions39. Like with B3LYP, the addition of the DFT-D3
method to the M06-2X method accounts for additional dispersion corrections. The
correction factor for M06-2X generated spectra is 0.95635.
MP2:
The Hartree-Fock wave function and ground state energy are approximate solutions
to the Schrödinger equation, as stated earlier in reference to the many-electron systems.
However, these values can be used to determine the exact Hamiltonian19. Møller-Plesset
Models utilize the assumption that the Hartree-Fock wave function and energy are very
similar to the exact wave function and ground-state energy19. This assumption allows for
an estimation of the correlation energy of molecules. The single-reference second-order
Møller-Plesset perturbation theory (MP2) is among the most widely used correlated wave
function methods in electronic structure theory40. The MP2 Model is size consistent,
meaning the calculated energy increases proportionally to the molecular size, and not
variational, which is less important, but means the model does not produce an energy value
that represents a bound to the exact energy. The model produces unique results and is well
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defined, but because of the lack of variational quality, the calculated energy may be lower
than the exact value19.
The MP2 model is used in this research because it provides very accurate electronic
energies for small molecules when large basis sets are used27. Diacetyl and water clusters
are relatively small molecules, amounting to 25 total atoms in a 1/5 Diacetyl/Water cluster,
and the basis set aug-cc-pVTZ is extensive. Larger molecules are too computationally
expensive for this method to prove useful27. The scaling factor for the MP2 method and the
aug-cc-pVTZ basis set is 0.95335.
𝜔-B97XD

The 𝜔-B97XD functional is based in a Becke functional, B97, which is a DFT
method. In addition, this functional contains a parameter that controls the partitioning of
the interelectronic distance, 𝜔, a parameter corresponding to an adjustable fraction of shortrange exact exchange, X, and a dispersion correction, D41, 42. This dispersion correction
makes 𝜔-B97XD the superior choice to 𝜔-B97X when dealing with systems where noncovalent interactions are expected to be significant42. The correction factor for 𝜔-B97XD
generated spectra using aug-cc-pVTZ basis set in comparison to experimental vibrational
spectra is 0.95735.
rCCSD(T) single point energy
CCSD(T), coupled-cluster with single and double perturbative triple excitation, is
considered the gold standard method amongst computational chemists, as it provides an
accuracy comparable to experiment within chemical accuracy45,46. The coupled cluster
(CC) method attempts to introduce interactions among electrons within clusters and the
coupling among these clusters of electrons into calculations of the wave function47. The
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partially spin-restricted rCCSD(T) puts restrictions on the amplitudes of the wave function,
allowing for shorter computational time. In this work, the rCCSD(T) method was used to
determine energies of structures, meaning it did not optimize the structures listed, but rather
used the output geometries of other methods to determine the energy of that structure.
aug-cc-pVTZ
Correlation consistent basis sets are widely used for both ab initio and DFT
calculations and are especially useful for calculating properties such as atomization
energies and geometries of molecules43. They are designed using ab initio methods and are
based in the systematic accounting of correlation energy43. This correlation consistent (cc)
basis set has been augmented (aug) with an extra diffuse function in each orbital angular
momentum. This augmentation is helpful for the description of intermolecular interactions.
It should be noted that when using molpro calculations, such as for the single-point
rCCSD(T) energy calculations, this basis set is denoted as avtz. Finally, this is a triple-zeta
basis set, meaning it is more accurate and computationally expensive than aug-cc-pVDZ,
like is used in the work presented by Dargent, et. al5.
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CHAPTER 2: EXPERIMENTAL STUDY OF
DIACETYL/WATER COMPLEXES
2.1

LIQUID-PHASE RAMAN SPECTRA
Liquid diacetyl is yellow in color and emits its notorious buttery smell in its vapor.

Work done by Profeta, et. al determined the IR active vibrational modes of diacetyl in its
solid, liquid, and gas states48. The work also presented the Raman vibrational modes of
liquid and gas states48. In this study, the Raman active modes of liquid- and gas-phase
diacetyl will be confirmed and compared to theoretical findings. The first experimental
findings involved the second harmonic (532 nm) output from a YAG:Nd laser and 1800g/cm-1 grating was used to gather a Raman spectrum of liquid diacetyl. The resulting
experimental data from the Raman spectrometer is shown in the figure below.

Figure 2.1: The experimental Raman spectrum of liquid diacetyl is shown.
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In the spectrum presented above, the peak with the maximum intensity, present at
53.24 cm-1, is a result of the laser line, and it does not represent the vibrational motion of
the system being studied. Peaks outside of the diagnostic range correspond to vibrational
modes that are not the focus of this work, so they are not included in the discussion of
experimental or vibrational spectra in this study. Within the diagnostic range of the
spectrum of liquid diacetyl, carbonyl stretching occurs at 1721.33 cm-1. This agrees with
the finding of Profeta, et. al that this vibrational mode occurs at 1720 cm-1. The C-H
stretching modes are present at 2929.83 cm-1, and the C-H scissoring modes occur at
2978.03 cm-1. A final C-H stretching motion can be seen in the final peak that appears at
3018.18 cm-1.
While the liquid diacetyl data is informative for the work presented in this thesis,
greater interest is expressed in the interactions of diacetyl and water molecules in their
gaseous form. The gas phase is more representative of the interest in the role of diacetyl in
the atmosphere and e-cigarettes. As such, Raman spectra of diacetyl and diacetyl/water
mixtures was obtained using Gas-Phase Raman techniques that are explained below.

2.2

GAS-PHASE RAMAN SPECTRA
Initial attempts at gathering a Raman spectrum of the headspace of diacetyl had

very poor resolution. The spectrum that was gathered was centered around the intense peak
of the carbonyl stretching mode that is known to occur around 1720 cm-1. The second
harmonic (532 nm) output from a YAG:Nd laser and 1800-g/cm-1 grating were used to
gather this spectrum. From a quick pass over the range 1400 cm-1 to 2000 cm-1, only the
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peak corresponding to the carbonyl stretching mode could be identified. The figure below
shows this result.

Figure 2.2: The experimental headspace Raman spectrum of diacetyl is shown for the range 1400 cm-1 –
2000 cm-1.

When this spectrum is compared to sharpness and resolution of the liquid diacetyl
experimental spectrum shown in Figure 2.1, it is evident that the headspace technique used
was not sufficient for investigating the Raman active vibrational modes of diacetyl.
Moving forwards, a vacuum cell constructed by Ashley Williams within the
Hammer Group could be used. This cell allows for the gathering of experimental spectra
of diacetyl and diacetyl/water mixtures in the gas-phase. The apparatus allows for direct
attachment to the microscope of the Raman Spectrometer, and therefore simple data
collection. With more time dedicated to this research, this experimental data would be very
useful for qualifying the theoretical calculations that had to be the focus of this work with
the inability to collect quality gas-phase data.
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CHAPTER 3: THEORETICAL STUDY OF
DIACETYL/WATER COMPLEXES
3.1

OPTIMIZATION OF DIACETYL
An initial structure of diacetyl was built using the GaussView 6 program. This input

geometry was then optimized using B3LYP and M06-2X methods with the aug-cc-pVTZ
basis set. This optimization was completed by first starting at less computationally
expensive basis sets, such as 6-31G, and moving up with more expansive basis sets, such
as 6-311+G(d, p), 6-311++G(2df, 2pd), and aug-cc-pVDZ. As the calculations moved up
these basis sets, the checkpoint files were copied over to new folders, so that the more
expansive basis set would begin with the optimization that the lower level of theory had
just completed. This process has been reciprocated for optimizations of the water clusters
that follow, and each optimization has ended with the basis set of aug-cc-pVTZ and a tight
convergence. Both the B3LYP and M06-2X methods converged to the structure shown
below.

Figure 3.1: The B3LYP optimized geometry of Diacetyl is shown.
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The cartesian coordinates from the output geometry that was obtained with the
B3LYP method were used to do an additional optimization using the MP2 method. This
optimization allowed for theoretical spectra to be obtained for both the B3LYP and MP2
methods, which is useful to compare the DFT method with the ab initio method. Frequency
calculations were conducted using Gaussian 09 Software for the already optimized diacetyl
structures. These output files were then generated into Raman spectra using a LabView
program constructed within the Hammer Group. The two spectra generated using the MP2
and B3LYP optimized geometries are compared to the experimental spectrum obtained of
liquid diacetyl in Figure 3.2 below.

Liquid Diacetyl

B3LYP

MP2

Figure 3.2: The experimental Raman spectrum (top) of liquid diacetyl is compared to the simulated spectra
provided by the B3LYP (middle) and MP2 (bottom) methods.

Ignoring the laser line of the experimental spectrum, the most intense vibrational
peaks are present at around 1720 cm-1 and 3000 cm-1. The effect made by the increasing
number of water molecules in the diacetyl clusters on these peaks will be the focus of the
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spectroscopic study in this thesis. Additionally, when water molecules are present, it is
expected that peaks at higher energy will appear as a result of the vibrational motions of
the water molecule, allowing for investigation of the effect diacetyl has on the water
molecules that interact with it.
The theoretical Raman active vibrational modes involving the carbonyl groups and
methyl groups of the diacetyl molecule were determined by using GaussView 6 software
to open the output files of frequency calculations. This software enabled the Raman active
modes to be animated in order to determine the type of motion that the molecule has and
the frequency at which it occurs. The theoretical and experimental frequencies of these
vibrational modes are compared in the table below. Only the vibrational modes in the
diagnostic region are considered, as these frequencies will shift more as a result of the
interactions with water than the frequencies that correspond with the low-energy internal
motion of the diacetyl molecule. The descriptions of the vibrational modes included were
designated as in work done by Durig, et. al49.
Vibrational
Assignment

Vibrational Mode Description

Experimental
Freq. (cm-1)

B3LYP
Freq.(cm-1)

MP2
Freq. (cm-1)

v23
v25
v26
v27
v28
v29
v30

Symmetric C=O stretch
Symmetric C-H Stretch
Symmetric C-H Stretch
Antisymmetric C-H Stretch
Antisymmetric C-H Stretch
Antisymmetric C-H Stretch
Antisymmetric C-H Stretch

1721.33
2929.83
2929.83
2978.03
2978.03
3018.18
3018.18

1720.22
2945.21
2945.25
2995.69
2995.95
3046.57
3047.20

1652.11
2938.31
-----3014.87
-----3057.79
------

Table 3.1: The vibrational modes of diacetyl as determined by experimental data and the MP2 and B3LYP
theoretical models are given.

Of the two theories used in the calculations, it appears that the B3LYP method is a
significantly better predictor of the carbonyl stretching frequency than the MP2 method.
The B3LYP method differs from experimental results by 1.11 cm-1, whereas the MP2
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prediction is 69.22 cm-1 lower in energy than the experimental carbonyl stretching
frequency. Additionally, the B3LYP method predicts the antisymmetric C-H stretching
motions to be closer to the experimental frequencies than the MP2 method does. Therefore,
although the MP2 method is considered to be the better computational method, the B3LYP
method appears to be a better model for predicting the experimental Raman spectrum of
diacetyl. Because of the differing strengths in computational and experimental agreement,
the MP2 and B3LYP methods will be used to describe the optimized geometries and
frequencies of water clusters throughout this thesis.

3.2

1/1 DIACETYL/WATER COMPLEXES
Starting structures for the 1/1 Diacetyl/Water clusters were constructed by placing

a water molecule in locations that allowed for possible hydrogen bonding and electrostatic
interactions with the already optimized structure of diacetyl, shown in Figure 3.1. A total
of eleven input geometries were constructed according to this method of “chemical
intuition” by using GaussView 6 software. These input geometries were then optimized
using B3LYP and M06-2X methods, finishing with the aug-cc-pVTZ basis set at tight
convergence, just as the diacetyl molecule alone was optimized. Three unique structures
resulted from this optimization, and the cartesian coordinates from the three output
geometries were then used as inputs for the optimization of the structures with B3LYP-D3,
M06-2X-D3, MP2, and 𝜔-B97XD methods. The three unique geometries of the 1/1
Diacetyl/Water clusters are presented in Figure 3.3.
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1W-A

1W-B

1W-C

Figure 3.3: Lowest energy structures for 1/1 Diacetyl/Water clusters are shown in order of increasing
relative energy. Images were constructed from MP2 output geometries.

Structure 1W-A involves the water molecule hydrogen bonding to the oxygen of a
carbonyl group and engaging in electrostatic interactions with two of the three hydrogen
atoms present on the methyl group on the opposite side of the molecule. Structure 1W-B
similarly involves a water molecule hydrogen bonded to a carbonyl of diacetyl. In this
structure, the oxygen of the water molecule is involved in an electrostatic interaction with
one hydrogen atom on the methyl group adjacent to the carbonyl to which it is hydrogen
bonded. Finally, structure 1W-C also has a water molecule hydrogen bonding with a
carbonyl group, though the hydrogen bond is out of the plane of the carbon backbone, and
therefore the water molecule does not engage in electrostatic interactions with the hydrogen
atoms on either methyl group.
These three structures coincide with the structures found in previous work done by
Dargent, et. al5. In this study, the structures that Dargent and colleagues identified as S1,
S2, and S3 are the same as the structures identified as 1W-B, 1W-A, and 1W-C,
respectively. The difference in order between the structures is a result of the first two
structures in both works being essentially isoenergetic, as is explained below.
35

The relative energies of 1W-A, 1W-B, and 1W-C were pulled from the output files
of each of the six aforementioned methods. Additionally, a single-point energy calculation
using the restricted CCSD(T) method with avtz basis set was utilized to determine the
energetics of the optimized structures presented by the B3LYP and MP2 methods. The
B3LYP method was chosen because of its past success in explaining experimental spectra
within research done by the Hammer Group and its success in predicting the experimental
spectrum of diacetyl alone. The MP2 method was chosen for the single-point energy
calculation because it is an ab initio method, and it does not include the assumptions that
the DFT methods like B3LYP do. These energies are presented in terms of relative
kilocalories per mole in Table 3.2 below:
Method
B3LYP
B3LYP-D3
M06-2X
M06-2X-D3
MP2
ω-B97XD
B3LYPgeom-rCCSD(T)*
MP2geom-rCCSD(T)*

1W-A
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1W-B
-0.18
0.08
0.22
0.22
0.03
0.10
0.02
0.05

1W-C
----------------0.62
0.60
0.71
----------------0.85

Table 3.2: The relative energies of the three lowest energy structures for 1/1 Diacetyl/Water clusters are
shown in kcal/mol. *Denotes a single-point energy computation.

As can be seen from the table above, the DFT methods B3LYP, B3LYP-D3, and
𝜔-B97XD could not detect the third structure, 1W-C. Additionally, the two single-point
energy computations illustrate that the structures designated 1W-A and 1W-B are
essentially isoenergetic, despite the larger energy differences presented by other methods
illustrated in Table 3.2. Because these results of the computational investigation of the 1/1
Diacetyl/Water clusters coincided with previous work, these structures were then used to
build the 1/2 Diacetyl/Water Clusters.
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Just as it was decided that the B3LYP and MP2 methods would be used for the
single-point energy calculations, the results of these two methods were used to generate
simulated spectra and the corresponding vibrational modes for the three structures. The
simulated spectra of the B3LYP optimized 1W-A and 1W-B are shown in Figure 3.4.

1W-B

1W-A

Figure 3.4: The simulated Raman spectra for the B3LYP optimized structures 1W-A and 1W-B are shown.

A zoomed in view of the region 1200 cm-1 to 2000 cm-1 is shown in the figure below
to illustrate the effect on the carbonyl stretching motion.

1W-B

1W-A

Figure 3.5: The simulated Raman spectra for the B3LYP optimized structures 1W-A and 1W-B are shown
from 1200 to 2000 cm-1.
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While the two structures are essentially isoenergetic according to the single-point
energy calculations, there are two readily apparent differences in the spectra for 1W-A and
1W-B. These differences are related to the lengths of the hydrogen bond present and the
distance of the electrostatic interactions at play between the methyl groups and water
molecules. These distances are shown in Figure 3.5.
1W-A

1W-B

Figure 3.6: The distances (in Angstroms) of the interactions between the water and diacetyl molecules in
the B3LYP optimized 1/1 Diacetyl/Water structures are shown.

The carbonyl stretching frequency at 1724.90 cm-1 for 1W-B appears to be split
compared to its corresponding peak for 1W-A at 1720.17 cm-1. Additionally, the symmetric
stretching of the water molecule for the 1W-B structure is red shifted to 3555.75 cm-1,
which is 2.74 cm-1 lower in energy than the symmetric stretch frequency for 1W-A. This
lower energy peak could be the result of the oxygen atom of the water molecule having a
shorter electrostatic interaction distance for 1W-B than in 1W-A. Additionally, the shorter
hydrogen bond length for 1W-B could be causing the Raman frequency of the stretching
vibrations to be lower for the water molecule. These vibrational modes, as well as
additional motions within the two structures are described in Table 3.3.
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Vibrational
Assignment

Vibrational Mode Description

1W-A
Freq.(cm-1)

1W-B
Freq. (cm-1)

v30
v31
v32
v33
v34
v35
v36
v37
v38
v39

Symmetric C=O Stretch
Asymmetric C=O Stretch
CH3 umbrella
CH3 umbrella
Asymmetric C-H Scissoring
Asymmetric C-H Scissoring
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Symmetric HOH Stretching
Asymmetric HOH Stretching

1712.21
1720.17
2944.28
2946.31
2993.54
2996.74
3047.45
3049.02
3558.49
3749.47

1706.56
1724.90
2944.10
2945.28
2992.86
2995.92
3047.92
3051.96
3555.75
3748.69

Table 3.3: The vibrational modes of 1W-A and 1W-B as determined by the B3LYP method are given.

As with the B3LYP optimized structures, the MP2 optimized 1W-A and 1W-B
structures are very similar in their spectra and vibrational modes. The MP2 method, though,
shows a larger difference in the symmetric stretching motions of water between the 1W-A
and 1W-B structures, with 1W-B being 28.36 cm-1 lower in energy than the corresponding
vibrational mode of 1W-A. This red shift can be seen in the spectra shown in Figure 3.6.

1W-C

1W-B

1W-A

Figure 3.7: Simulated Raman spectra for MP2 optimized structures 1W-A, 1W-B, and 1W-C are shown.
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This larger difference in the water molecule’s symmetric stretching mode for the
MP2 optimized 1W-A and 1W-B structures is a result of the electrostatic interaction of
1W-B being 0.283 Å shorter than the electrostatic interactions of 1W-A. For the B3LYP
method, this difference in is only 0.035 Å.
1W-A

1W-B

1W-C

Figure 3.8: The distances (in Angstroms) of the interactions between the water and diacetyl molecules in
the MP2 optimized 1/1 Diacetyl/Water structures are shown.

Unlike the B3LYP method, the MP2 method predicted a third structure, 1W-C. This
structure has similar frequencies for the vibrational modes listed in Table 3.4, with the
largest difference arising for the symmetric and asymmetric stretching modes of water. The
symmetric stretching mode occurs at 3613.59 cm-1, and the asymmetric stretching mode
occurs at 3740.21 cm-1. Both of these vibrational modes are higher in energy, or blue
shifted, for 1W-C compared to 1W-A or 1W-B. This increase in energy for the water
molecule’s stretching frequencies is reasonable, as the water molecule in 1W-C is not
stabilized by favorable electrostatic interactions with the hydrogen molecules of a methyl
group like is the case in structures 1W-A and 1W-B. This lack of interaction between the
methyl group and water molecule is likely the reason that the scissoring motions of the
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methyl group are higher in energy for 1W-C as well. Additionally, as can be seen in Figure
3.6, the hydrogen bond length of 1W-C is 0.374 Å longer than the hydrogen bonds present
in 1W-A and 1W-B. This weaker stabilization of the water molecule contributes to the
stretching modes of the water molecule being higher in energy for 1W-C than for 1W-A or
1W-B.
A zoomed in version of the spectra in the figure below provides a better
visualization of the effects that these hydrogen bond and electrostatic interactions have on
the carbonyl stretching motions within the structures. Between the three structures, the
carbonyl stretch frequencies in 1W-C are the highest energy at 1653.06 and 1655.08 cm-1
for the symmetric and asymmetric motions, respectively. This increase in energy is likely
a result of the longer hydrogen bond that is present in this structure.

1W-C

1W-B

1W-A

Figure 3.9: Simulated Raman spectra for MP2 optimized structures 1W-A, 1W-B, and 1W-C are shown
from 1200 to 2000 cm-1.

These vibrational modes, as well as others that were pulled from the output files of
the three 1/1 Clusters using Gaussview 6 Software are shown in Table 3.4.
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Vibrational
Assignment

Vibrational Mode Description

1W-A
Freq.(cm-1)

1W-B
Freq. (cm-1)

1W-C
Freq. (cm-1)

v30
v31
v32
v33
v34
v35
v36
v37
v38
v39

Symmetric C=O Stretch
Asymmetric C=O Stretch
CH3 umbrella
CH3 umbrella
Asymmetric C-H Scissoring
Asymmetric C-H Scissoring
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Symmetric HOH Stretching
Asymmetric HOH Stretching

1650.42
1653.84
2937.88
2939.07
3011.46
3015.18
3058.02
3059.79
3555.88
3727.65

1648.47
1654.35
2936.10
2938.27
3011.07
3014.75
3058.51
3059.66
3527.52
3727.62

1653.06
1655.08
2937.95
2938.12
3017.38
3018.77
3056.49
3057.05
3613.59
3740.21

Table 3.4: The vibrational modes of 1W-A, 1W-B, and 1W-C as determined by the MP2 method are given.

Between the two methods, it appears that that MP2 frequency calculations show a
more exaggerated difference in the vibrational modes of the 1/1 Diacetyl/Water structures.
However, the predicted carbonyl stretching frequencies for the MP2 method are more than
50 cm-1 less than those predicted by the B3LYP method. Whether this finding is a result of
the MP2 method underpredicting the energy of the structure or the difficulty that the
B3LYP method can have with dispersion-dominated non-covalent interactions is unknown
without comparison to experiment19,33. When comparing these two theoretical methods
with the experimental spectrum of liquid diacetyl, the B3LYP method was a much better
predictor of the carbonyl stretching frequency. Therefore, it is more likely that the large
difference in the predicted frequencies results from the MP2 method underpredicting the
frequency, like is the case for the carbonyl stretch of diacetyl alone.

3.3

1/2 DIACETYL/WATER COMPLEXES
Like with the construction of the one water clusters, Gaussview 6 software was used

to construct the clusters with two water molecules from the optimized one water structures
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using “chemical intuition.” Work done by Dargent, et. al. on 1/2 Diacetyl/Water complexes
was used as a guide, and eighteen input geometries were constructed44. Three of these were
built using the output files within the supplementary information provided in Dargent and
colleagues’ study44. The input files built using the Gaussview 6 program were first
optimized using B3LYP until the aug-cc-pVTZ basis set and tight convergence was
achieved. These output geometries were then inputted into optimizations with the MP2
method and aug-cc-pVTZ basis set, again with tight convergence. The three structures
pulled from supplementary information were both inputted and optimized using the MP2
and B3LYP methods separately.
From these input geometries, the two methods optimized the 1/2 Diacetyl/Water
clusters into twelve unique structures. Two additional enantiomeric structures were found
for the structures identified as 2W-A and 2W-B, but because these enantiomers were
energetically equivalent, and they were excluded from the work presented by Dargent et.
al, only one enantiomer is included in the images and tables presented below44. The
enantiomer that is shown was chosen to be the orientation that aligned with the orientation
of the other 1/2 Diacetyl/Water structures that were found so that comparison between the
clusters could be more readily visible.
Both the MP2 method and B3LYP method found two structures that the other
method did not. This left eight shared structures that both the methods could optimize.
These eight shared structures are presented as their MP2 optimized geometries alongside
the two structures that MP2 alone could find. The shared geometries were shown in this
manner because this research was done in comparison to the work presented by Dargent
et. al, and the structures they presented were constructed using the MP2 method44. These
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output geometries can be seen in Figure 3.8. Additionally, as was done in the paper by
Dargent et. al, the structures are labeled in order of increasing energy according to the MP2
computed relative energy values. The structures labeled 2W-A, 2W-B, 2W-C, 2W-D, and
2W-E are further confirmed to increase in energy alphabetically by the single-point
rCCSD(T) energy calculations done on their MP2 optimized geometries. It should be noted
that due to ordering the structures by the MP2 computed energies, the naming of the
structures presented in the figures below do not coincide with increasing energy according
to the B3LYP method or their single-point energy calculations.
2W-A

2W-B

2W-D

2W-C
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2W-E

2W-F

2W-G

2W-H

2W-J

2W-I

Figure 3.10: Lowest energy structures using the MP2 method for 1/2 Diacetyl/Water clusters are shown in
order of increasing relative energy.
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The structures designated as 2W-G and 2W-H in Figure 3.8 could not be optimized
using the B3LYP method. These two structures include a water molecule that is hydrogen
bonded to a carbonyl oxygen perpendicular to the carbon backbone. This hydrogen bonding
in the z-axis of the molecule is similar to the hydrogen bonding present in the 1W-C
structure that the B3LYP method could not find. It appears that the B3LYP method has
difficulty with structures that involve hydrogen bonded water molecules like those in 1WC, 2W-G, and 2W-H. Dealing with dispersion-dominated non-covalent interactions is a
known difficulty of the B3LYP method, and this appears to be proven by the failure of the
B3LYP method to find these three structures33.
However, the MP2 method appears to have difficulty in predicting the 1/2
Diacetyl/Water structures as well. The B3LYP method found two structures that could not
be optimized using the MP2 method. These additional structures are labeled as 2W-K and
2W-L in Figure 3.7. The MP2 method optimized these structures further to be equivalent
to 2W-A and 2W-B.
2W-K

2W-L

Figure 3.11: 1/2 Diacetyl/Water clusters that could only be optimized using the B3LYP method are shown
in order of increasing relative energy.

While the structure 2W-K appears to be similar to 2W-A and 2W-L appears to be
similar to 2W-B, the relative energies and bond lengths were of a significant enough
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difference for these two structures not found by the MP2 method to be considered unique.
These differences in relative energies between 2W-A and 2W-K and between 2W-B and
2W-L are shown in the table below. Also included are the relative energies of the remaining
unique 1/2 Diacetyl/Water structures presented in Figure 3.8 and Figure 3.9.
Structure
2W-A
2W-B
2W-C
2W-D
2W-E
2W-F
2W-G
2W-H
2W-I
2W-J
2W-K
2W-L

MP2
0.00
0.11
2.32
4.05
4.22
4.47
4.53
4.63
4.88
5.57
-----------------

B3LYP
0.00
-0.29
0.19
2.41
2.25
2.65
--------------3.14
2.99
0.03
0.05

Table 3.5: The relative energies of the structures for 1/2 Diacetyl/Water clusters are given in kcal/mol for
both methods used: B3LYP and MP2.

Because the ordering of the Diacetyl/Water clusters’ relative energies differs
between the MP2 method and B3LYP method, single-point energy rCCSD(T) calculations
with a triple zeta basis set were done on the five lowest energy structures presented by the
MP2 method, as well as the B3LYP optimized 2W-K and 2W-L structures. These B3LYP
structures were included in the single-point energy calculations because the relative
energies of 2W-K and 2W-L are lower than that of 2W-D and 2W-E as determined by the
B3LYP output files. The five structures not mentioned above were not included in this
calculation because performing the single-point energy computations for all of the unique
structures would require a large amount of time and computational cost. Further, as is
explained in the discussion of the clusters involving three water molecules, only these
lowest energy structures were used to construct the clusters of greater size, so the
information forewent by excluding the other structures does not adversely affect the
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calculations of complexes to follow. The results of the single-point energy calculations on
the B3LYP and MP2 optimized 2W-A, 2W-B, 2W-C, 2W-D, 2W-E, 2W-K, and 2W-L
structures are shown as relative energies in kilocalories per mole the table below.
Structure
2W-A
2W-B
2W-C
2W-D
2W-E
2W-K
2W-L

MP2geom-rCCSD(T)
0.00
0.14
2.14
3.88
4.07
-----------------

B3LYPgeom-rCCSD(T)
0.00
-0.30
1.17
3.07
3.19
1.04
1.08

Table 3.6: The relative single-point energies of the five lowest energy 1/2 Diacetyl/Water clusters are
given in kcal/mol for both B3LYP and MP2 optimized geometries.

Immediately noticeable are the large discrepancies between the values computed
for the B3LYP method and the MP2 method. The most important of these differences is
that the lowest energy structure for the two methods is not in agreement. The single-point
calculation for the MP2 geometries predicts 2W-A to be the lowest in energy, whereas the
calculation for the B3LYP geometries predicts 2W-B to be the lowest energy structure.
These two structures differ in the dihedral angles in which the water molecules are
coordinated, as can be seen in the B3LYP and MP2 optimized geometries shown in Figure
3.12 and Figure 3.13, respectively.
2W-A

2W-B

Figure 3.12: The hydrogen bond distances (in Angstroms) of the B3LYP optimized 2W-A and 2W-B
structures are shown.
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2W-A

2W-B

Figure 3.13: The hydrogen bond distances (in Angstroms) of the MP2 optimized 2W-A and 2W-B
structures are shown.

In the B3LYP geometries, the 2W-B structure appears to have the carbonyl oxygen
involved in shorter hydrogen bonds. One of these bonds is 0.022 Å shorter and the other is
0.047 Å shorter than the corresponding hydrogen bonds in 2W-A. While these differences
are not extensive, this shortening of the distance between the water molecules and the
diacetyl molecule could account for why the single-point energy calculation of the B3LYP
geometry predicts structure 2W-B to be 0.30 kcal/mol lower in energy than 2W-A. The
single-point energy calculations for the MP2 structures, however, show 2W-A being the
lower energy structure. Like the B3LYP geometries, the hydrogen bonding distances in
2W-B are shorter than those in 2W-A. Therefore, the MP2 method must be accounting for
another stabilizing, or destabilizing factor, in calculating 2W-A to be lower in energy that
the B3LYP method does not. Since the single-point energy calculations alone could not
determine the true lowest energy structure, it was decided that additional methods would
be used, like in the case of the 1/1 Diacetyl/Water Complexes.
The output geometry of the MP2 method with aug-cc-pVTZ basis set and tight
convergence was inserted into input files for calculations run with M06-2X, M06-2X-D3,
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B3LYP-D3, and ω-B97XD methods. Each of the geometries was first optimized from the
cartesian coordinates using the aug-cc-pVDZ basis set, and further optimization to reach a
triple zeta basis set with tight convergence were done using the check point files of the
previous calculation. The relative energies of the 2W-A and 2W-B structure are given for
all methods used in Table 3.7.
Method
B3LYP
B3LYP-D3
M06-2X
M06-2X-D3
MP2
ω-B97XD

2W-A
0.00
0.00
0.00
0.00
0.00
0.00

2W-B
-0.29
0.07
0.34
0.34
0.11
0.15

Table 3.7: The relative energies of the two lowest energy structures for 1/2 Diacetyl/Water clusters are
shown in kcal/mol.for the six computational methods used.

Despite the different values presented by the B3LYP method and its single-point
energy differences, the order as proposed by the MP2 method and its single-point energy
calculations was used to name the structures presented in this work. This naming method
allows for the order to remain consistent throughout this thesis and to coincide with the
work done by Dargent, et. al. This ordering is also supported by the additional four methods
that place 2W-A as the lower energy structure compared to 2W-B. It should be noted that
the increase of more than 1 kcal/mol in energy for 2W-K and 2W-L according to the singlepoint energy calculations of the B3LYP structures illustrates that these structures are not
energetically equivalent to 2W-A and 2W-B, though the MP2 method calculated 2W-K
and 2W-L to be. These structures are named at the completion of the MP2 optimized
structures, despite their energies being lower than those of 2W-C, 2W-D, and 2W-E
because all of the MP2 optimized structures are named in comparison to one another.
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After confirming the naming of the clusters in order of increasing relative energies,
the structures could be investigated for patterns. The lowest energy structures, 2W-A and
2W-B, contain a cyclical arrangement of the water molecules that allows for three
hydrogen bonds to be present in the cluster, compared to only two hydrogen bonding
interactions in the rest of the structures. The four lowest energy structures mirror the results
found by Dargent, et. al44. However, Dargent et. al found that the structures labeled here as
2W-E, 2W-F, 2W-G, and 2W-H increase energetically in the order: 2W-G, 2W-E, 2W-H,
2W-F. The differences between these structures can be associated with the electrostatic
interactions present between the water molecules and methyl groups, as each of these four
structures has the same number of hydrogen bonds. The energy differences computed
between this work and the study done by Dargent, et. al could be attributed to the use of a
triple zeta basis set with tight convergence in this work, whereas previous work used a
double zeta basis set with tight convergence.
The structure that Dargent et. al designated as the “π_like_π_like_trans” could not
be found using the B3LYP or MP2 methods44. Attempts to optimize the structure at the
aug-cc-pVDZ level by using the coordinates given in the supplemental information of the
paper were successful. However, once this output geometry was taken up to the aug-ccpVTZ basis set and tight convergence, the geometry optimized to the structure that is
labeled in this work as 2W-E. Additionally, the research done in this thesis found the
structure designated as 2W-J, which is not included in the work presented by Dargent, et.
al44. The 2W-J structure involves the oxygen atom of the first water molecule hydrogen
bonded to a carbonyl group, with the second water molecule hydrogen bonded in the plane
of the carbon backbone. This structure, unlike the other geometries, has the second water
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molecule away from the methyl group, so there are not favorable electrostatic interactions.
This lack of electrostatic interactions explains the higher relative energy for the structure.
As was done with the 1W-A, 1W-B, and 1W-C structures, simulated spectra were
created to see the effect that the interactions between the water and diacetyl molecules had
on the carbonyl stretching vibrational modes and the motions of the water molecules. The
spectra of the geometries optimized by the B3LYP method are shown first in Figure 3.14.

2W-L
2W-K
2W-E
2W-D
2W-C
2W-B
2W-A

Figure 3.14: Simulated Raman spectra for the B3LYP optimized structures 2W-A, 2W-B, 2W-C, 2W-D,
2W-E, 2W-K, and 2W-L are shown.

The most evident changes that result from the frequency calculations of the
different 1/2 Diacetyl/Water Clusters in this figure can be seen with the vibrational modes
of the methyl groups and the water molecules. First, splitting can be seen in the C-H
stretching motion present at around 2950 cm-1 in 2W-K and 2W-L. For 2W-K, the
frequencies are located at 2917.58 cm-1 and 2946.70 cm-1, and for 2W-L, the peaks are
present at 2921.32 cm-1 and 2944.34 cm-1. This splitting pattern likely results from the fact
that both of these structures have a water molecule engaged in electrostatic interactions
with one face of the methyl group, causing the motions to have a greater difference in
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energy than the other structures where the water molecule is centered over the methyl
group. Splitting is also seen in five of the structures for the stretching motion of water
centered around 3500 cm-1. The largest splitting between these motions is present in 2WA, where the difference between 3468.41 cm-1 and 3562.19 cm-1 is equal to 93.78 cm-1.
Only a single peak is shown for the structures 2W-D and 2W-E for this vibrational mode
because the two clusters are completely symmetrical, whereas the other structures have
two unequal motions from the lack of symmetry present. In order to have a better
visualization of the carbonyl stretching motions, the spectra are presented only in the range
of 1200 to 2000 cm-1 in the figure below.
2W-L
2W-K
2W-E
2W-D
2W-C
2W-B
2W-A

Figure 3.15: Lowest energy structures using the MP2 method for 1/2 Diacetyl/Water clusters are shown in
order of increasing relative energy.

The location of the carbonyl stretching frequencies are very similar amongst the
seven B3LYP structure presented in Figure 3.15. Like with the methyl and water
vibrational motions, the carbonyl stretching frequencies differ most notably in the splitting
of the peaks. The largest splitting difference for this vibrational mode is shown in 2W-L
with peaks at 1694.96 cm-1 and 1724.45 cm-1. The 2W-D and 2W-E structures once again
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do not show visible splitting as a result of their symmetry. The simulated frequencies for
the vibrational modes of the seven structures presented in Figure 3.14 and Figure 3.15 are
shown in Table 3.8 below.
Vibrational Vibrational Mode
Assignment
Description

v37
v38
v39
v40
v41
v42
v43
v44
v45
v46
v47
v48

2W-A
Freq.
(cm-1)

2W-B
Freq.
(cm-1)

2W-C
Freq.
(cm-1)

2W-D
Freq.
(cm-1)

2W-E
Freq.
(cm-1)

2W-K
Freq.
(cm-1)

2W-L
Freq.
(cm-1)

Symmetric C=O
stretching;
HOH wagging
Asymmetric
C=O stretching.
HOH wagging
CH3 umbrella
CH3 umbrella
Asymmetric CH Stretching
Asymmetric CH Stretching

1703.91 1702.90 1701.15 1708.57 1709.54 1709.95 1694.96

Asymmetric
C-H Stretching
Asymmetric
C-H Stretching
Symmetric O-H
Stretching
Symmetric O-H
Stretching
Asymmetric
O-H Stretching
Asymmetric
O-H Stretching

3045.67 3045.55 3041.53 3046.70 3052.33 3041.93 3048.10

1721.18 1720.75 1726.10 1710.31 1711.09 1718.62 1724.45
2942.24 2940.74 2937.43 2939.57 2943.71 2917.58 2921.32
2943.46 2945.43 2945.32 2939.73 2943.72 2946.70 2944.34
3000.02 2998.23 2986.70 2988.71 2992.39 2983.34 2996.96
3004.66 3003.12 2996.02 2989.15 2992.73 2997.44 3002.00

3046.29 3046.36 3047.87 3047.10 3052.84 3049.00 3051.25
3468.41 3461.24 3451.70 3587.94 3562.73 3464.40 3453.52
3562.19 3534.05 3503.09 3589.62 3566.64 3547.61 3495.30
3742.69 3739.08 3740.31 3749.69 3748.70 3740.42 3738.59
3746.10 3743.49 3743.63 3750.14 3749.23 3743.39 3745.14

Table 3.8: The vibrational modes of 2W-A, 2W-B, 2W-C, 2W-D, 2W-E, 2W-K, and 2W-L as determined
by the B3LYP method are given.

Theoretical spectra were also constructed for the lowest energy structures that were
optimized using the MP2 method. Because the MP2 method could not find the 2W-K and
2W-L structures to be different from 2W-A and 2W-B, only the spectra of 2W-A, 2W-B,
2W-C, 2W-D, and 2W-E are included in Figure 3.16 and Figure 3.17. The entire range of
frequencies calculated are included in Figure 3.16, while Figure 3.17 focuses on the range
showing the carbonyl stretching frequencies.
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2W-E

2W-D

2W-C

2W-B
2W-A

Figure 3.16: Lowest energy structures using the MP2 method for 1/2 Diacetyl/Water clusters are shown in
order of increasing energy.

The same trend of splitting of the stretching motions of water that was seen in the
B3LYP method’s simulated spectra is seen for the MP2 method. The 2W-D and 2W-E
structures do not show splitting as a result of their symmetry, and the mode is shown at
higher energy than the peaks of the same vibrational motion for 2W-A, 2W-B, and 2W-C.
The 2W-D and 2W-E structures do not have water molecules coordinated together, but the
water molecules in 2W-A, 2W-B, and 2W-C all have coordinate water molecules that likely
leads to this vibrational motion being red shifted to lower energy in their spectra.
The splitting seen in the carbonyl stretching motions of the B3LYP optimized
structures was not seen in the geometries that were optimized using the MP2 method. The
MP2 method also continues to predict these motions to be at much lower frequencies than
the B3LYP method, with the carbonyl stretching peaks shown in Figure 3.17 being more
than 50 cm-1 lower in energy than those present in Figure 3.15.
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2W-E

2W-D

2W-C

2W-B
2W-A

Figure 3.17: Lowest energy structures using the MP2 method for 1/2 Diacetyl/Water clusters are shown in
order of increasing

The exact values of the frequencies associated with the vibrational modes predicted
for the five lowest energy structures optimized by the MP2 method are shown in Table 3.9
below.
Vibrational
Assignment

v37
v38
v39
v40
v41
v42
v43
v44
v45
v46
v47
v48

Vibrational Mode Description

Symmetric C=O stretching;
HOH wagging
Asymmetric C=O
stretching;
HOH wagging
CH3 umbrella
CH3 umbrella
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Symmetric O-H Stretching
Symmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching

2W-A
Freq.
(cm-1)

2W-B
Freq.
(cm-1)

2W-C
Freq.
(cm-1)

2W-D
Freq.
(cm-1)

2W-E
Freq.
(cm-1)

1655.97

1653.53

1648.25

1651.42

1649.72

1657.49

1657.14

1654.60

1651.59

1650.09

2938.93
2940.94
3019.53
3022.23
3055.06
3058.61
3461.77
3518.62
3715.42
3715.91

2937.99
2939.99
3019.51
3022.55
3055.83
3056.39
3449.16
3506.02
3714.44
3716.50

2930.33
2938.26
3006.12
3014.81
3049.92
3058.42
3441.75
3487.25
3717.85
3723.18

2936.18
2936.31
3009.35
3009.61
3058.61
3058.95
3559.37
3561.06
3727.92
3728.48

2935.62
2935.82
3010.76
3010.98
3059.63
3059.98
3533.35
3536.84
3727.66
3728.34

Table 3.9: The vibrational modes of 2W-A, 2W-B, 2W-C, 2W-D, and 2W-E as determined by the MP2
method are given.
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As with the 1/1 Diacetyl/Water complexes, the 1/2 Diacetyl/Water complexes show
that the MP2 method predicts the carbonyl stretching motion to be much lower in energy
than the B3LYP method, and the B3LYP method does not accurately optimize and predict
the lowest energy structure. The understanding behind these findings would be best
understood through comparison to experiment.

3.4

1/3 DIACETYL/WATER COMPLEXES
Unlike using all of the 1/1 Diacetyl/Water clusters to make the 1/2 Diacetyl/Water

cluster input geometries, the construction of the 1/3 Diacetyl/Water clusters using all of the
structures found for the 1/2 Diacetyl/Water clusters would be extremely computationally
expensive. For example, if each of the twelve structures was used to create three input
geometries for the clusters with three water molecules, then thirty-six input geometries
would have to be optimized. Instead, only the five lowest energy structures determined for
the 1/2 Diacetyl/Water clusters were used to build 1/3 Diacetyl/Water clusters using
Gaussview 6 software. Once again, water molecules were added using chemical intuition,
which resulted in input geometries including the new water molecule at sites where it could
have favorable hydrogen bonding or electrostatic interactions with the optimized 1/2
Diacetyl/Water structure.
Eighteen input geometries were constructed, and these input files were optimized
initially using the B3LYP method. For two structures, the optimization at the lowest level
of theory included the dispersion corrected B3LYP-D3 method when the B3LYP method
failed to optimize the structure. However, the subsequent optimizations leading up to a
tight convergence with the aug-cc-pVTZ basis set were all done using only the B3LYP
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method and the geometries found in the checkpoint files. This process resulted in twelve
unique structures. The B3LYP output geometries were then included in the input files that
were optimized using the MP2 method. These were optimized at lower basis sets before
the checkpoint geometries were used to reach a triple zeta basis set with tight convergence.
The twelve unique geometries are presented in order of increasing relative energy
according to the MP2 method in the figure below. As was the case with the two water
clusters, the B3LYP method and MP2 method differ in their energetic findings of the
clusters, but in order to maintain consistency and assist in the comparison of energetics,
the structures are listed according to the MP2 method.
3W-A

3W-B

3W-C

3W-D
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3W-F

3W-E

3W-H

3W-G
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3W-I

3W-J

3W-K

3W-L

Figure 3.18: Lowest energy structures using the MP2 method for 1/3 Diacetyl/Water clusters are shown in
order of increasing relative energy

The four lowest energy structures, 3W-A, 3W-B, 3W-C, and 3W-D, all involve
three water molecules that are coordinated in an arc, beginning with a water molecule
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hydrogen bonded to a carbonyl oxygen. The four structures have the largest differences in
the rotations of the water molecules involved in the hydrogen bonds. The structures 3WA, 3W-B, and 3W-D all have this arc of water molecules starting on the lateral side of the
carbonyl, and the hydrogen bond network finishes its progression in the medial direction.
The 3W-C structure, however, has the hydrogen bond network arcing in the opposite
direction, initiating on the medial side and finishing in the lateral direction. The 3W-E and
3W-F structures, the next two lowest in energy, have two water molecules coordinated to
a carbonyl and the third water molecule coordinated with the other carbonyl oxygen. The
pair of water molecules come out of the plan of the carbon backbone while the singular
water molecule is in the plane of the backbone. This singular water molecule engages in
favorable electrostatic interactions with the adjacent methyl group through the hydrogen
atom in the plane of the carbon backbone for 3W-E and through the two hydrogen atoms
going into and out of the plane in 3W-F. In 3W-G and 3W-I, a water molecule is hydrogen
bonded to one of the carbonyl oxygens and is also coordinated to the other two water
molecules. For 3W-G, these water molecules come out of the plane of the backbone, and
for 3W-I, these water molecules are located medial to the carbonyl oxygen. The structure
in-between these two, 3W-H, is like the structures presented in 3W-E and 3W-F, except
the singular water molecule is coordinate to the same carbonyl as the pair of water
molecules. The final three structures, 3W-J, 3W-K, and 3W-L, all include hydrogen
bonding within the plane of the carbon backbone. For each of the structures, two of the
water molecules are coordinated together and the third is hydrogen bonding alone. In 3WJ and 3W-K, this third water molecule is hydrogen bonding to a different carbonyl than the
paired water molecules. For 3W-L, the singular water molecule is hydrogen bonded to the
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same carbonyl as the paired water molecules. The relative energies, which account for the
order and naming of the structures, that result from these structural differences are shown
in the table below.
Structure
3W-A
3W-B
3W-C
3W-D
3W-E
3W-F
3W-G
3W-H
3W-I
3W-J
3W-K
3W-L

MP2
0.00
0.07
0.16
0.29
3.84
3.91
4.28
5.36
5.61
6.58
6.99
7.26

B3LYP
0.00
0.19
0.75
0.20
4.70
4.88
4.47
5.90
4.44
4.72
5.29
5.79

Table 3.10: The relative energies of the 1/3 Diacetyl/Water clusters are given in kcal/mol for both B3LYP
and MP2 optimized geometries.

Although both the B3LYP and MP2 methods determined that 3W-A was the lowest
energy structure and that 3W-B was the second lowest in energy, there is discrepancy in
the ordering of the following structures. Especially pertinent was the determination of the
true ordering of structures 3W-A, 3W-B, 3W-C, and 3W-D, as these structures were all
within 1 relative kcal/mol. In order to clarify these relative energy values, the additional
methods of B3LYP-D3, M06-2X, M06-2X-D3, and ω-B97XD were used alongside the
single-point energy calculations on the B3LYP and MP2 optimized geometries.
Method
B3LYP
B3LYP-D3
M06-2X
M06-2X-D3
MP2
ω-B97XD
*B3LYPgeom-rCCSD(D)
*MP2geom-rCCSD(D)

3W-A
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3W-B
0.19
0.05
0.02
0.02
0.07
0.04
-0.11
0.05

3W-C
0.75
0.06
-0.11
-0.13
0.16
0.00
-0.06
-0.11

3W-D
0.20
0.25
0.27
0.27
0.29
0.14
0.17
0.35

Table 3.11: The relative energies of the 1/3 Diacetyl/Water clusters are given in kcal/mol for both B3LYP
and MP2 optimized geometries. *Denotes a single-point energy computation.
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Instead of the triple zeta basis set that was used for the 1/1 and 1/2 Diacetyl/Water
complexes, only a double zeta basis set was used for the single-point energy calculations
of the B3LYP and MP2 optimized geometries due to time and computational cost
constraints. All of the methods except B3LYP place 3W-D as being the highest in energy
relative to 3W-A, 3W-B, and 3W-C. However, there are discrepancies as to how 3W-A,
3W-B, and 3W-C should be ordered. As the entirety of this thesis follows the example set
by Dargent et. al. and the precedent of using the MP2 method to order the structures has
been set, the original order according to the MP2 method was maintained. It can be seen
that the structure denoted as 3W-C is calculated to be lower in energy than 3W-A by four
of the eight methods used and equivalent to 3W-A by one of the methods, though.
Additionally, the single-point energy calculation of the B3LYP optimized structure
determined that 3W-B was the lowest in energy. 3W-A and 3W-B differ in the dihedral
angles of the hydrogen bonds between the water molecules, so the difference in energies
that was determined by the different methods could result from the experimental
information that B3LYP uses to qualify its calculations as a DFT method. 3W-C has the
water molecules arranged on the opposite side of the carbonyl than the structures presented
in 3W-A and 3W-B. The methods that calculate 3W-C to be the lowest in energy are not
solely DFT nor ab initio methods, so the reasoning behind this change in energetic ranking
cannot be explained as simply as the 3W-B structure has been. In order to explain the
possible reasoning for the differing rankings between 3W-A and 3W-C, images were
constructed so that the hydrogen bond lengths and angles could be examined in the two
structures. The figure below shows these values for the MP2 structure.
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3W-A

3W-A

3W-C

3W-C

Figure 3.19: The bond angles and bond lengths of the hydrogen bond network in the MP2 optimized
structures 3W-A and 3W-C are shown.

When looking at the hydrogen bond angles, the 3W-A structure appears to be more
optimal, as the bonds are closer to the desired 180° than in 3W-C50. Additionally, the
hydrogen bond lengths in 3W-A are shorter on average, which tends to indicate stronger
hydrogen bonds50. The M06-2X method, and its dispersion corrected M06-2X-D3 method,
were designed for better estimation of weakly correlated and noncovalent systems, so its
ranking of 3W-C as lower than 3W-A is likely due to data inputted by the DFT method or
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other parameters that are not included in the MP2 method38,39. This explanation of 3W-C
being more accurate to experimental data could also be applied to the reasoning of both the
single-point energy calculations placing 3W-C as the lowest energy structure. The
rCCSD(T), or in this case the rCCSD(D), calculations provide an accuracy comparable to
experiment45,46. Therefore, the true order of these structures could likely be elicited from
experimental data that could not be retrieved in the time provided for this thesis. As such,
the order of 3W-A below 3W-B and 3W-C is maintained because the computational
information available and precedent of using the MP2 method to order structures dictate
this ordering.
These energetics of the four lowest energy structures are explored further using the
frequency calculations of the B3LYP and MP2 optimized geometries. The B3LYP
theoretical spectra is shown first, with the frequencies of the vibrational modes detailed in
the table that follows.

3W-D

3W-C

3W-B

3W-A

Figure 3.20: The simulated Raman spectra are shown for the B3LYP optimized 3W-A, 3W-B, 3W-C, and
3W-D structures.
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The vibrational modes of the methyl groups and water molecules are very similar
for the structures presented in the figure. The most notable difference is the absence of a
small peak around 3400 cm-1 in 3W-B. It appears that this peak, located at 3406.31 cm-1 is
being overshadowed by the peak at 3430.74 cm-1. These different stretching motions of the
water molecules are not as separated in 3W-B as in the other structures. This lesser
separation could be due to the different dihedral angles of the hydrogen bond network that
are present in 3W-B. This vibrational mode is of additional importance because the 3W-C
and 3W-D structures have frequencies that are 46.30 and 23.48 cm-1 higher in energy than
the lowest energy structure. This higher energy stretching motion of the water molecules
could indicate that the hydrogen bonding network is weaker in these two structures
compared to 3W-A and 3W-B51. The weaker hydrogen bond network would help to explain
the energetic ranking of these four structures by the B3LYP method.

3W-D

3W-C

3W-B

3W-A

Figure 3.21: The simulated Raman spectra are shown for the B3LYP optimized 3W-A, 3W-B, 3W-C, and
3W-D structures for the range 1200 to 2000 cm-1.
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The carbonyl vibrational modes are shown in the figure above. As can be seen by
this figure and the vibrational mode assignments in the table below, the carbonyl stretching
frequencies are all very similar for the four structures. The largest difference in these
vibrational modes is between 3W-B and 3W-D, and these frequencies only differ by 3.84
cm-1. The four structures all coordinate the water molecules in a chain that spans one side
of the carbonyl, and they all include the same number of hydrogen bonds, so similar
frequency values are reasonable.
Vibrational
Assignment

v44
v45
v46
v47
v48
v49
v50
v51
v52
v53
v54
v55
v56
v57

Vibrational Mode Description

Symmetric C=O stretching;
HOH wagging
Asymmetric C=O stretch;
HOH wagging
Symmetric CH3 umbrella
Asymmetric CH3 umbrella
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Symmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching

3W-A
Freq. (cm-1)

3W-B
Freq. (cm-1)

3W-C
Freq. (cm-1)

3W-D
Freq. (cm-1)

1698.91

1697.99

1701.57

1701.83

1722.82

1721.84

1723.19

1721.40

2945.35
2946.27
3001.56
3005.69
3044.17
3045.71
3334.09
3403.75
3439.65
3735.96
3737.17
3742.86

2944.75
2950.41
3002.65
3006.93
3045.12
3046.22
3350.65
3406.31
3430.74
3738.59
3739.38
3742.85

2948.90
2949.28
3006.29
3007.86
3045.82
3047.58
3359.47
3415.01
3485.95
3738.52
3739.46
3742.93

2945.03
2949.67
3003.11
3008.39
3044.00
3045.51
3342.94
3401.61
3463.13
3736.58
3740.04
3743.30

Table 3.12: The vibrational modes of 3W-A, 3W-B, 3W-C, and 3W-D as determined by the B3LYP
method are given.

The MP2 optimized structures were also investigated using theoretical Raman
spectra. Both the 3W-C and 3W-D show shouldering of the O-H stretching motions that
does not appear in the spectra of 3W-A and 3W-B. This shouldering appears to be a result
of the larger spread in the asymmetric stretching modes of the water molecules in these
two structures compared to 3W-A and 3W-B.
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3W-D

3W-C

3W-B

3W-A

Figure 3.22: The simulated Raman spectra are shown for the MP2 optimized 3W-A, 3W-B, 3W-C, and
3W-D structures.

When the carbonyl stretching motions are investigated for the structures, there is
not an obvious trend as the structures become higher in energy. 3W-B has the lowest energy
carbonyl stretching mode, and 3W-D has the highest energy stretching frequency, though
the difference between the motions is only 4.93 cm-1. The difference between these
structures can be associated with the dihedral angles of the coordinated water molecules,
so the carbonyl group in 3W-B must be more stabilized due to the angle differences in the
3W-B structure. The symmetric and asymmetric carbonyl stretching frequencies have the
smallest spread for the 3W-C structure, which is sensible due to its structural differences
from the other three lowest energy geometries. The coordinated water molecules are more
medial to the molecule, so the different carbonyl groups are more equally stabilized by the
water molecules than in 3W-A, 3W-B, and 3W-D. The range of the symmetric and
asymmetric stretches are visualized by the broadening of the peaks in the spectra shown
below.
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3W-D

3W-C

3W-B

3W-A

Figure 3.23: The simulated Raman spectra are shown for the MP2 optimized 3W-A, 3W-B, 3W-C, and
3W-D structures for the range 1200 to 1800 cm-1.

All of the motions for the carbonyl groups, methyl groups, and water molecules are
described in the table below, and their frequencies are listed according to the vibrational
modes.
Vibrational
Assignment

v44
v45
v46
v47
v48
v49
v50
v51
v52
v53
v54
v55
v56
v57

Vibrational Mode Description

Symmetric C=O stretching;
HOH wagging
Asymmetric C=O stretch;
HOH wagging
Symmetric CH3 umbrella
Asymmetric CH3 umbrella
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Symmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching

3W-A
Freq. (cm-1)

3W-B
Freq. (cm-1)

3W-C
Freq. (cm-1)

3W-D
Freq. (cm-1)

1652.57

1651.68

1656.61

1653.02

1659.60

1659.42

1657.83

1659.40

2939.18
2939.32
3021.33
3023.12
3053.54
3056.39
3326.79
3391.65
3405.56
3710.20
3713.14
3713.96

2939.40
2939.72
3022.37
3023.73
3055.98
3057.85
3337.23
3384.20
3412.28
3706.95
3714.32
3715.43

2939.60
2943.29
3020.36
3026.03
3053.48
3059.10
3342.94
3415.60
3441.45
3705.30
3711.43
3715.65

2939.66
2939.91
3022.16
3025.25
3056.17
3058.91
3337.42
3391.96
3423.90
3706.94
3711.30
3719.68

Table 3.13: The vibrational modes of 3W-A, 3W-B, 3W-C, and 3W-D as determined by the MP2 method
are given.
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3.5

1/4 DIACETYL/WATER COMPLEXES
Unlike the construction of the clusters with two and three water molecules, the

construction of the four water clusters used more than just the lowest energy structures of
the previous clusters to make the input geometries. The four lowest energy structures from
the 1/3 Diacetyl/Water complexes (3W-A, 3W-B, 3W-C, 3W-D) as well as three additional
structures (3W-G, 3W-I, and 3W-L) were used to construct the 1/4 Diacetyl/Water
complexes. A water molecule was added to the already optimized geometries in locations
that allowed for additional hydrogen bonding or electrostatic interactions. The inclusion of
3W-G, 3W-I, and 3W-L was centered around these hydrogen bonding and electrostatic
opportunities; the three structures were chosen because they represent the different
orientations of three water molecules in the 1/3 Diacetyl/Water complexes.
A total of thirty-two input geometries were constructed using these methods.
Twenty-nine of these input geometries were initially optimized using the B3LYP method,
and after an optimization at the aug-cc-pVTZ basis set and tight convergence level, these
geometries were optimized using the MP2 method. Three of these structures that were
optimized by the MP2 method were significantly different than the geometry that resulted
from the B3LYP optimizations. As a result, the MP2 optimized geometries were used as
input files for an additional B3LYP optimization. Through these methods, a total of twentythree unique geometries were obtained, with the MP2 optimized structures shown below.
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4W-A

4W-B

4W-C

4W-D

4W-E

4W-F
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4W-G

4W-H

4W-I

4W-J

4W-L

4W-K
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4W-M

4W-N

4W-O

4W-P
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4W-Q

4W-R

4W-S

Figure 3.24: Lowest energy structures using the MP2 method for 1/4 Diacetyl/Water clusters are shown in
order of increasing relative energy.

The first six structures that are presented above include all four water molecules in
a hydrogen bond network. In general, the number of water molecules involved in the
hydrogen bond network decreases as the energy of the structure increases. This is sensible
because hydrogen bonding is a stabilizing force, and more of these interactions would
lower the energy of the overall structure.
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As described previously, three of the B3LYP optimized geometries became
significantly different when they were optimized by the MP2 method. Because of this, the
three MP2 optimized structures, shown as 4W-A, 4W-B, and 4W-D above, were used as
input geometries so that B3LYP could determine the energetics of these structures as well.
The initial B3LYP structures that MP2 could not optimize are shown in the figure below,
and they are labeled in order of increasing energy at the end of the MP2 ordering, as this
method could not detect these structures. Additionally, one of the output geometries
produced by the B3LYP method could not be optimized to the tight convergence criteria,
so this structure is also included in the figure below.
4W-T

4W-U

4W-V

4W-W

Figure 3.25: Lowest energy structures that could only be found using the B3LYP method for 1/4
Diacetyl/Water clusters are shown in order of increasing relative energy.
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The 4W-T structure that could not be optimized by the MP2 method in the time
available for this thesis appears to be very similar to the structures labeled as 4W-C and
4W-G with changes in the dihedral angles created by the hydrogen bonding of the water
molecules. The angles of these hydrogen bonds appear sharper in 4W-T than in 4W-C and
4W-G. A figure comparing these structures and their bond lengths and angles is shown
below.
The structure shown here as 4W-U was optimized by the MP2 method to become
4W-B. The structures 4W-V and 4W-W became 4W-D and 4W-A, respectively. It is
unclear why 4W-U became the 4W-B structure the MP2 method optimized the structure
further to, especially when similar arrangements exist in the MP2 optimized structures, like
in 4W-M. However, it is likely that the MP2 method calculated the arrangement shown in
4W-U as being too destabilizing, and for this reason, it optimized the structure further to
4W-B. The reason for why 4W-V optimized to 4W-D is not clear either, though it should
be noted that the increase in hydrogen bonds likely means the structure was more stable.
Finally, 4W-W also resulted in an increase in hydrogen bonding between water molecules
when the MP2 method optimized this structure. The resultant structure was therefore more
energetically favorable, as can be seen by the relative energies listed for all twenty-three
unique 1/4 Diacetyl/Water Complexes shown in Table 3.14. These three structures that the
MP2 method optimized 4W-U, 4W-V, and 4W-W down to were then used as new input
geometries for the B3LYP method to optimize. The input geometries that resembled the
MP2 structures 4W-A, 4W-B, and 4W-D were optimized by the B3LYP method to
structures that resembled the input. This is shown by the relative energies listed under the
B3LYP method for these three structures.
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Structure
4W-A
4W-B
4W-C
4W-D
4W-E
4W-F
4W-G
4W-H
4W-I
4W-J
4W-K
4W-L
4W-M
4W-N
4W-O
4W-P
4W-Q
4W-R
4W-S
4W-T
4W-U
4W-V
4W-W

MP2
0.00
1.92
2.18
2.25
2.28
2.29
2.30
4.18
4.28
4.31
4.37
4.38
4.53
4.79
4.91
7.00
7.41
8.95
10.63
-------------------------

B3LYP
0.00
3.81
1.13
3.71
2.07
1.98
1.17
4.27
4.26
4.41
4.21
4.33
5.11
4.48
5.30
6.62
7.158
8.008
9.168
0.525
4.921
5.708
8.157

Table 3.14: The relative energies of the 1/4 Diacetyl/Water clusters are given in kcal/mol for both B3LYP
and MP2 optimized geometries.

While the trend of the structures shows that the lowest energy structures have the
most water molecules involved in hydrogen bonding with one another, 4W-O, 4W-P, 4WQ, and 4W-R all have their four water molecules involved in hydrogen bonding interactions
with one another. The increase in energy for these structures could be due to the length of
the hydrogen bonds or the magnitude of hydrogen bond angles that could be straining the
water molecules.
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4W-U

4W-U

4W-V

4W-V

4W-W

4W-W

Figure 3.26: The hydrogen bond angles and lengths of 4W-U, 4W-V, and 4W-W are shown.
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All of the bond lengths for the hydrogen bonds in the three structures are of a
reasonable length. The most notable destabilizing force can be seen in the bond angles of
the three structures. The favored hydrogen bonding angle is 180°, yet the bond angles in
4W-U, 4W-V, and 4W-W are more acute than this50. In fact, in structure 4W-W, one of the
hydrogen bonds has an angle of 148.0°, and this large deviation is likely why this structure
has the highest relative energy of the B3LYP optimized structures. These bond angles
could also be why the MP2 method did not optimize these structures as the B3LYP method
did.
Nevertheless, both the MP2 and B3LYP methods determined the lowest energy
structure to be 4W-A. This structure includes the four water molecules involved in
hydrogen bond interactions in a rhombus nature. The ordering of the subsequent structures
is not agreed upon by the two methods, so as was done with the other complexes, additional
methods were used to determine the relative energetics of the lowest energy structures. Due
to time constraints and computational cost, the single-point energy calculations were not
included in these methods.
Method
B3LYP
B3LYP-D3
M06-2X
M06-2X-D3
MP2
ω-B97XD

4W-A
0.00
0.00
0.00
0.00
0.00
0.00

4W-B
3.81
1.91
1.52
1.52
1.92
2.36

4W-C
1.13
2.28
1.33
2.78
2.18
2.38

4W-D
3.71
2.20
1.44
1.42
2.25
2.36

Table 3.15: The relative energies of the 1/4 Diacetyl/Water clusters are given in kcal/mol for both B3LYP
and MP2 optimized geometries. *Denotes a single-point energy computation.

Frequency calculations were desired for both the MP2 and B3LYP optimized
structures. However, time constraints the calculations of the MP2 geometries. As a result,
only the theoretical for the B3LYP optimized structures are shown and discussed. In the
first set of spectra presented, the lowest energy structure appears to have more separation
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between the different vibrational modes of the water molecules. The range that highlights
these motions of the water molecules are shown in Figure 3.28.

4W-D

4W-C

4W-B

4W-A

Figure 3.27: The Simulated Raman spectra are shown for the B3LYP optimized structures 4W-A, 4W-B,
4W-C, and 4W-D.

As can be seen in the figure below, there is slight blue shifting for the C-H
stretching modes as the energy of the 1/4 Diacetyl/Water structure increases. It is possible
that this increase in energy of the vibrational modes associated with the methyl groups is
resulting from electrostatic interactions with the oxygen atom of nearby water molecules.

4W-D

4W-C

4W-B

4W-A

Figure 3.28: The Simulated Raman spectra are shown for the B3LYP optimized structures 4W-A, 4W-B,
4W-C, and 4W-D for the range 2800 to 4000 cm-1.
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Overall, the stretching modes of the water molecules are lower in energy for 4WA than the other three structures. The cyclic arrangement of the water molecules in 4W-A
is likely the reason behind this, as each water molecule serves as a donor and acceptor of a
hydrogen bond. This especially stabilizing relationship is what leads the stretching motions
to be lower in energy for the majority of these vibrational motions.
Of final interest for the simulated spectra generated from the B3LYP optimized
structures are the peaks associated with the carbonyl stretching frequencies. As can be seen
in the figure below, the largest splitting of the carbonyl stretching motions is seen for 4WD, whereas 4W-B appears to have negligible splitting (6.51 cm-1 between the two peaks).

4W-D

4W-C

4W-B

4W-A

Figure 3.29: The Simulated Raman spectra are shown for the B3LYP optimized structures 4W-A, 4W-B,
4W-C, and 4W-D for the range 1200 to 1800 cm-1.

The carbonyl stretching modes are centered at 1713.68, 1704.40, 1709.33, and
1705.17 cm-1 for 4W-A, 4W-B, 4W-C, and 4W-D, respectively. Therefore, the very
different arrangements of the four water molecules that these structures propose do not
seem to have large effects on the carbonyl stretching motion. However, it is noted that the
lowest energy structure 4W-A has the highest energy carbonyl stretching motion. This is
likely due to the fact that 4W-A only includes one hydrogen bond to an oxygen of a
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carbonyl group, whereas the structures 4W-B and 4W-D, which have the lowest carbonyl
stretching frequencies, have two hydrogen bonds involved with the carbonyl groups. The
carbonyl stretching frequency is higher than 4W-B and 4W-D in 4W-C because it too only
includes one stabilizing hydrogen bond for the carbonyl groups. The exact values of the
carbonyl stretching frequencies, as well as other vibrational modes that have been
discussed are listed in the table below.
Vibrational
Assignment

Vibrational Mode
Description

v51
v52
v53
v54
v55

HB C=O stretching
NB C=O stretching
CH3 umbrella
CH3 umbrella
Asymmetric C-H
Stretching
Asymmetric C-H
Stretching
Asymmetric C-H
Stretching
Asymmetric C-H
Stretching
Symmetric O-H
Stretching
Asymmetric O-H
Stretching
Symmetric O-H
Stretching
Asymmetric O-H
Stretching
Asymmetric O-H
Stretching
Asymmetric O-H
Stretching
Asymmetric O-H
Stretching
Asymmetric O-H
Stretching

v56
v57
v58
v59
v60
v61
v62
v63
v64
v65
v66

4W-A
Freq.
(cm-1)

4W-B
Freq.
(cm-1)

4W-C
Freq.
(cm-1)

4W-D
Freq.
(cm-1)

1707.38
1719.98
2932.67
2942.27
2992.60

1701.14
1707.65
2946.41
2950.19
3002.36

1695.50
1723.15
2946.68
2947.09
3003.37

1687.63
1722.71
2946.76
2949.13
3006.03

3003.97

3008.75

3005.75

3010.07

3043.98

3044.04

3044.49

3045.43

3047.27

3047.11

3045.20

3047.02

3184.29

3388.05

3284.38

3286.72

3271.20

3498.70

3356.93

3518.87

3343.35

3514.39

3379.59

3522.10

3461.20

3566.46

3407.76

3565.06

3618.07

3591.38

3738.31

3578.95

3736.28

3737.60

3739.10

3734.97

3737.89

3744.77

3739.90

3741.64

3739.91

3749.03

3743.43

3745.58

Table 3.16: The vibrational modes of 4W-A, 4W-B, 4W-C, 4W-D, and 4W-T as determined by the
B3LYP method are given.
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3.6

1/5 DIACETYL/WATER COMPLEXES
The construction of the clusters with five water molecules followed the procedure

dictated for the 1/4 Diacetyl/Water complexes. A total of forty-two input geometries were
constructed using seventeen of the output geometries from the 1/4 Diacetyl Water
complexes. Like for the other complexes, these input geometries were constructed using
Gaussian 6 software by placing a fifth water molecule in locations that allowed for
potential hydrogen bonding or favorable electrostatic interactions. As a result, forty-eight
input geometries were constructed for the 1/5 Diacetyl/Water complexes.
As was done for the previous complexes, the goal was to have the input geometries
first optimized using the B3LYP method, with the B3LYP-optimized geometries then
being used as the input files for the MP2 method. However, due to time constraints, the
MP2 calculations could not be completed, and only the results for the B3LYP method are
discussed in this section.
The B3LYP optimizations resulted in thirty-nine unique structures, as eight of the
initial input geometries either resulted in equivalent structures or were unable to optimize
because the arrangement of the atoms was too energetically unfavorable for the B3LYP
method to make adjustments to the structure. All of the structures were optimized to the
aug-cc-pVTZ basis set with tight convergence. These forty structures are shown in the
figure below.
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5W-A

5W-B

5W-C

5W-D

5W-E

5W-F

5W-G
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5W-H

5W-I

5W-J

5W-K

5W-L

5W-M
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5W-N

5W-O

5W-P

5W-Q

5W-R

5W-S

5W-T

5W-U
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5W-X

5W-W

5W-V

5W-Y

5W-Z

5W-AA

5W-BB
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5W-DD

5W-CC

5W-FF

5W-EE

5W-GG

5W-II

5W-HH
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5W-KK

5W-JJ

5W-MM

5W-LL

Figure 3.30: The B3LYP optimized structures for 1/5 Diacetyl/Water complexes are shown in order of
increasing energy.

Because only one method was able to be used in the optimizations of the five water
complexes, the table that contains the relative energy values of the structures only lists the
energy in kcal/mol as determined by the B3LYP method.
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Structure
5W-A
5W-B
5W-C
5W-D
5W-E
5W-F
5W-G
5W-H
5W-I
5W-J
5W-K
5W-L
5W-M
5W-N
5W-O
5W-P
5W-Q
5W-R
5W-S
5W-T

Relative Energy
(kcal/mol)
0.00
0.52
1.17
1.19
1.27
2.02
2.70
2.71
2.76
2.95
3.29
3.41
3.42
2.70
2.71
2.76
2.95
3.29
3.41
3.42

Structure
5W-U
5W-V
5W-W
5W-X
5W-Y
5W-Z
5W-AA
5W-BB
5W-CC
5W-DD
5W-EE
5W-FF
5W-GG
5W-HH
5W-II
5W-JJ
5W-KK
5W-LL
5W-MM

Relative Energy
(kcal/mol)
4.49
4.59
4.78
4.88
4.96
5.20
5.69
5.81
5.90
6.61
6.72
6.78
7.13
7.94
8.25
8.49
8.91
9.61
12.93

Table 3.17: The relative energies of the 1/5 Diacetyl/Water clusters are given in kcal/mol for the B3LYP
optimized geometries.

The first five structures predicted by the B3LYP method were then investigated
through their simulated Raman spectra. These spectra are shown below.

5W-E
5W-D
5W-C
5W-B
5W-A

Figure 3.31: The Simulated spectra for B3LYP optimized 1/5 Diacetyl/Water complexes are shown.
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In order to visualize the vibrational modes of the methyl groups and the water
molecules, the above spectra were investigated between 2800 and 4000 cm-1.

5W-E
5W-D
5W-C
5W-B
5W-A

Figure 3.32: The Simulated Raman spectra for B3LYP optimized 1/5 Diacetyl/Water complexes are shown
for the range 2800 to 4000 cm-1.

In the final peak of the spectra, there appears to have a blue shift to higher frequency
vibrations as the energy of the structure increases. The lowest energy structure must
stabilize the motion described here more than the water molecules are stabilized in 5W-B,
5W-C, 5W-D, and 5W-E. Additionally, the 5W-C and 5W-E structures, which are very
similar in construction, have similar Raman spectra. The 5W-E structure appears to have a
greater range associated with the energies of the stretching motions of the water molecules
compared to 5W-C, and these differences could result from the differing orientation of the
water molecules in the chain of hydrogen bonds within the two structures. The 5W-A, 5WB, and 5W-C structures all contain a ring of four water molecules hydrogen bonded to one
another, but the variation in the connection point to the diacetyl molecule and the location
of the final water molecule appear to prevent these simulated spectra from having as much
similarity as the 3W-C and 3W-E spectra do.
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When the carbonyl stretching frequencies are investigated further for the five
structures, all but 5W-D show splitting of the peak around 1700 cm-1. This structure
involves the four-water molecule ring being hydrogen bonded to both of the carbonyl
groups, and as such, the energy of the vibrational motion of both oxygens is very similar.
In the other four structures, only one carbonyl oxygen serves as a hydrogen bond accepting
site, so the energy difference in the vibrational motions of the carbonyl groups is larger.

5W-E
5W-D
5W-C
5W-B
5W-A

Figure 3.33: The Simulated Raman spectra for B3LYP optimized 1/5 Diacetyl/Water complexes are shown
for the range 2800 to 4000 cm-1.

The frequencies of all of the vibrational modes investigated for the five structures
are shown in the table below. It should be noted that without additional computational
methods or experimental data, the true lowest energy structure is not yet determinable, and
therefore the evaluation of the vibrational frequencies of the five structures is incomplete.

92

Vibrational
Assignment

Vibrational Mode Description

5W-A
Freq.
(cm-1)

5W-B
Freq.
(cm-1)

5W-C
Freq.
(cm-1)

5W-D
Freq.
(cm-1)

5W-E
Freq.
(cm-1)

v58
v59
v60
v61
v62
v63
v64
v65
v66
v67
v68
v69
v70
v71
v72
v73
v74
v75

Asymmetric C=O stretching
Symmetric C=O stretching
CH3 umbrella
CH3 umbrella
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Symmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Symmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching
Symmetric O-H Stretching
Asymmetric O-H Stretching
Asymmetric O-H Stretching

1691.03
1716.88
2928.64
2932.86
2988.77
3003.71
3042.58
3048.24
3077.74
3290.91
3406.60
3452.69
3504.90
3539.80
3681.95
3735.76
3738.18
3739.21

1698.79
1723.12
2934.32
2944.94
2988.85
2996.35
3045.99
3049.53
3163.12
3270.17
3450.37
3456.86
3548.80
3583.64
3637.66
3653.03
3733.69
3738.25

1696.74
1721.68
2947.55
2948.57
3005.89
3008.00
3043.60
3044.93
3261.22
3328.30
3356.74
3378.77
3414.25
3736.44
3736.76
3741.75
3742.91
3745.43

1751.74
1760.76
3008.07
3033.89
3088.86
3096.33
3138.13
3139.6
3213.04
3337.1
3508.92
3579.05
3609.98
3756.59
3783.71
3850.96
3862.31
3865.84

1695.68
1704.42
2911.81
2936.81
2990.02
2997.25
3037.71
3039.13
3110.22
3230.31
3396.63
3464.52
3494.46
3636.38
3662.63
3727.73
3738.72
3742.13

Table 3.18: The vibrational modes of the B3LYP optimized 1/5 Diacetyl/Water clusters are given.

3.7

TRENDS IN THEORETICAL SPECTRA
The lowest energy structures of the 1/1, 1/2, 1/3, 1/4, and 1/5 Diacetyl/Water

structures were compared with their simulated Raman spectra to elicit the effects of
increasing water molecules on the vibrational modes of diacetyl and the water molecules
themselves. As was done throughout this work, the theoretical Raman spectra is presented
for the B3LYP optimized lowest energy structures, as well as the MP2 optimized lowest
energy structures. Where there were discrepancies in the determination of the lowest
energy structure by the two methods, the ordering of the structures as determined by the
MP2 method was maintained. In other words, the structure that was determined to be the
lowest energy by the MP2 method is shown in each of the spectra presented. This geometry
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is optimized by the B3LYP method in the B3LYP spectra and optimized by the MP2
method in the MP2 spectra.
1W-A

2W-A

3W-A

4W-A

5W-A

Figure 3.34: The Lowest energy structures for the 1/1 to 1/5 Diacetyl/Water structures are shown. All but
the 1/5 complex are MP2 optimized. The 5W-A structure was optimized using the B3LYP method.
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As the increasing number of water molecules in the higher order clusters led to an
increase in the number of vibrational modes (predicted by the expression of 3n-6 for
vibrational modes in a molecule), only the vibrational modes that the complexes shared or
general trends in the types of motions were explored. Additionally, due to the inability to
finish frequency calculations for the 1/4 Diacetyl/Water complexes and the optimizations
for the 1/5 Diacetyl/Water complexes using the MP2 method, the 4W-A and 5W-A
structures are omitted from the simulated Raman spectra presented for the MP2 method.

5W-A
4W-A
3W-A
2W-A
1W-A

Figure 3.35: The Simulated Raman spectra for the lowest energy structures of B3LYP optimized 1/1 to 1/5
Diacetyl/Water complexes are shown.

The most notable aspect of the spectra of the five structures is the increase in the
number of peaks as the number of water molecules in the complexes increases. This
increase is expected because the increase in the number of atoms present allows for an
additional set of vibrational motions. When the spectra are zoomed in on the range where
the methyl groups and water molecules stretch, more trends are visible.
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5W-A

4W-A

3W-A

2W-A

1W-A

Figure 3.36: The Simulated Raman spectra for the lowest energy structures of B3LYP optimized 1/1 to 1/5
Diacetyl/Water complexes are shown for the range 2800 to 4000 cm-1.

As can be seen in the figure above, the CH3 umbrella motion that is centered at
2938 cm-1 in 1W-A shifts to lower energy as the number of water molecules increases in
the complexes. The exact frequencies of this motion are detailed in the table that follows
the B3LYP spectra.

5W-A
4W-A
3W-A

2W-A
1W-A

Figure 3.37: The Simulated Raman spectra for the lowest energy structures of B3LYP optimized 1/1 to 1/5
Diacetyl/Water complexes are shown for the range 1200 to 1800 cm-1.
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Apart from the 4W-A structure, the carbonyl stretching frequencies appear to have
greater splitting and the centers of the vibrational motions appear to shift to lower
wavenumbers. The difference in the symmetric and antisymmetric carbonyl stretching
motions appears to increase with the greater number of water molecules because only one
carbonyl group is hydrogen bonded to the water molecules in each of the structures.
Therefore, the stabilization for one carbonyl motion continues to increase, while one
carbonyl is largely unaffected. This separation in stabilization causes the increased splitting
of the peaks. The vibrational modes associated with the carbonyl group and the rest of the
diacetyl molecule are shown in the table below.

Vibrational Mode Description

Diacetyl

1W-A
Freq.
(cm-1)

2W-A
Freq.
(cm-1)

3W-A
Freq.
(cm-1)

4W-A
Freq.
(cm-1)

5W-A
Freq.
(cm-1)

Symmetric C=O Stretch
Asymmetric C=O Stretch
CH3 umbrella
CH3 umbrella
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching

1721.33
------2945.21
2945.25
2995.69
2995.95
3046.57
3047.20

1712.21
1720.17
2944.28
2946.31
2993.54
2996.74
3047.45
3049.02

1703.91
1721.18
2942.24
2943.46
3000.02
3004.66
3045.67
3046.29

1698.91
1722.82
2945.35
2946.27
3001.56
3005.69
3044.17
3045.71

1707.38
1719.98
2932.67
2942.27
2992.60
3003.97
3043.98
3047.27

1691.03
1716.88
2928.64
2932.86
2988.77
3003.71
3042.58
3048.24

Table 3.19: The theoretical frequencies of vibrational modes in B3LYP lowest energy structures are
shown.

For the MP2 structures, only 1W-A, 2W-A, and 3W-A could be compared. The
first figure presented shows frequencies spanning 0 to 4000 cm-1. The two figures that
follow will zoom in on the methyl group and water molecule vibrations, as well as the
carbonyl stretching motions predicted in the spectra. In the first figure, the stretching
motions of the methyl group appear to be very similar in shape amongst the three
complexes.
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3W-A

2W-A

1W-A

Figure 3.38: The Simulated Raman spectra for the lowest energy structures of MP2 optimized 1/1 to 1/3
Diacetyl/Water complexes are shown.

As can be seen in the figure below, the general shape of the C-H stretching motions
remains the same, but the frequency values shift slightly. The first peak after 3000 cm-1
represents the first two asymmetric C-H stretching motions, and as the number of water
molecules in the system increases, the frequencies of the two motions increases. The first
asymmetric stretch increases from 3011.46 cm-1 for 1W-A to 3019.53 cm-1 for 2W-A, and
finally to 3021.33 cm-1 for 3W-A. The second of these asymmetric stretching motions
increases from 3015.18 cm-1 to 3022.23 cm-1 to 3023.12 cm-1. Because the second stretch
does not have as large of an increase in energy of the motions as the number of water
molecules increases, the separation between these two small peaks increases in range from
1W-A to 2W-A to 3W-A.
Additionally, the spectra shown between 2800 and 4000 cm-1 show the red shifting
of the symmetric HOH stretching motions as the number of water molecules increases in
the complexes. For the 1W-A structure, the symmetric HOH stretching mode occurs at
3555.88 cm-1. For 2W-A, symmetric HOH stretching occurs at 3461.77 cm-1, and for 3W-
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A, the symmetric stretching motion is at 3326.79 cm-1. The coordination with additional
water molecules appears to be decreasing the energy of symmetric HOH motion
significantly.

3W-A

2W-A

1W-A

Figure 3.39: The Simulated Raman spectra for the lowest energy structures of MP2 optimized 1/1 to 1/3
Diacetyl/Water complexes are shown for the range 2800 to 4000 cm-1.

When the spectra are focused on the carbonyl stretching frequencies, the trends
shown in the B3LYP frequency calculations are not readily visible in the MP2 calculations.
The lack of the red shifting trend and increasing separation in the carbonyl stretching peak
could result from having only three structures to compare. For example, the broadness of
the peak decreases between 1W-A and 2W-A, but it increases between 2W-A and 3W-A.
The frequency of the vibrations increases between 1W-A and 2W-A, but decreases between
2W-A and 3W-A. Without comparison to the 4W-A and 5W-A structures, these spectra
cannot be explained or analyzed with the scrutiny that was applied to the B3LYP frequency
calculations, so further conclusions could be provided by finishing these calculations and
experimental studies.
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Figure 3.40: The Simulated Raman spectra for the lowest energy structures of MP2 optimized 1/1 to 1/3
Diacetyl/Water complexes are shown for the range 1200 to 1800 cm-1.

The frequency values of the vibrational motions that can be compared to the
diacetyl molecule alone are shown in the table below. As is predicted, the MP2 method has
much lower calculated values for the C=O stretching motions compared to B3LYP. The
determination of the better method of the two would be best understood through
comparison to experiment.

Vibrational Mode Description

Diacetyl

1W-A
Freq.
(cm-1)

2W-A
Freq.
(cm-1)

3W-A
Freq.
(cm-1)

Symmetric C=O Stretch
Asymmetric C=O Stretch
CH3 umbrella
CH3 umbrella
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching
Asymmetric C-H Stretching

1652.11
------2938.31
------3014.87
------3057.79
-------

1650.42
1653.84
2937.88
2939.07
3011.46
3015.18
3058.02
3059.79

1655.97
1657.49
2938.93
2940.94
3019.53
3022.23
3055.06
3058.61

1652.57
1659.60
2939.18
2939.32
3021.33
3023.12
3053.54
3056.39

Table 3.20: The theoretical frequencies of vibrational modes in MP2 lowest energy structures are shown.
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CHAPTER 4: SUMMARY AND FUTURE WORK
4.1

SUMMARY
Through the optimizations of Diacetyl/Water complexes that ranged from one to

five water molecules, the simulated Raman spectra and the diacetyl and water interactions
could be explored. While neither the MP2 nor the single-point energy calculations for the
higher order complexes could be finished in time to present this work, the completion and
analysis of the 1/2 Diacetyl/Water complexes alone revealed information not discussed in
the work done by Dargent, et. al. For example, a new structure, 2W-J, was optimized in
this work that was not shown in previous articles, and the structure that Dargent, et. al.
found and identified as “π_like_π_like_trans” could not be found using the B3LYP or MP2
methods44. This inability to optimize the structure despite repeated attempts was a result of
the higher theory being used presently in this work. This higher theory is also beneficial in
the instances that the results in this thesis agreed with results obtained by Dargent, et. al,
as the higher theory would help to confirm the findings. Therefore, advancement in the
field has been made despite shortcomings of the higher order calculations.
In addition to the spectroscopic trends that are described in the previous section,
this research showed that multiple methods are needed for the detection and optimization
of clusters that involve the noncovalent interactions at play. Neither the B3LYP method
nor MP2 method could detect every possible structure on their own. Often, the two methods
even disagreed on the energetics of the structures when they optimized very similar input
geometries. As a result, this research showed the relevance of using multiple methods, and
even ones beyond the “gold standard” of a rCCSD(T) single-point energy calculation to
elicit the true lowest energy structure. The addition of experimental data to this research
would likely show an advantage between either the ab initio methods, like MP2, or the
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DFT methods, like B3LYP, in determining these lowest energy structures, but in the
absence of this data, the procedure of using multiple methods proved beneficial.

4.2

FUTURE WORK
The most pertinent information that could be obtained in future work would be

experimental data for diacetyl and water mixtures of varying concentrations. Additionally,
the gas-phase Raman spectra would be especially useful, as the interest in these complexes
was rooted in the use of diacetyl as a flavor additive in e-cigarettes. Due to time constraints
and the restrictions of the COVID-19 pandemic, this experimental data could not be
obtained, but the addition of this information would be simple to obtain with the vacuum
pumped cell that is being constructed by Ashley Williams.
Additionally, future work could finish the calculations that could not be completed
in time for this thesis. The maintenance that was done on Maple, the supercomputer
provided by the Mississippi Center for Supercomputing Research (MCSR), delayed and
terminated calculations that were meant to contribute to this work. Because the final
calculations presented in this thesis are the most computationally expensive, this delay was
detrimental to obtaining information about the 1/4 and 1/5 Diacetyl/Water complexes.
However, the procedure for the calculations and presentation of the information that would
be provided are well understood, so these calculations could be finished readily given more
time. These calculations could then include the addition of multiple diacetyl molecules or
more water molecules in the complexes to see whether dimerization or other intermolecular
interactions are also present in the diacetyl and water mixtures.
Finally, as the interest in diacetyl stems from its use in flavoring in e-cigarettes, it
would be useful to determine the interactions that diacetyl has with other gases, such as
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oxygen, nitrogen, and carbon dioxide, that are prevalent in respiratory exchange. These
interactions could help to determine the molecular interactions that occur when the organic
molecule is inhaled. Additionally, the molecule could be investigated in conjunction with
methanol and ethanol to see the combined effects of e-cigarette and alcohol use. These
calculations could follow the procedure outlined in this thesis. The addition of experiment
for each of these potential avenues would add to the information that could be gathered, as
would experimental data in this thesis.
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